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CHA.PTtER I

INTRODUCTION

The study of solar radiation with the idea of interpreting it

in terms of structural models of the sun was almost completely

restricted to the visible region of the electromagnetic spectrum

until the end of the secbnd world war. Since that time, two new

branches of solar astronomy have developed, namely, radio astronomy,

and ultraviole~t and X-ray astronom•y The former enjoys the avail-

ability of an atmospheric window in the centimetei-meter wavelength

range which fortunately corresponds to an "optical" depth range

that covers a large portioii of the' iolar atmosphere. Consequently,

the science has matured:,to the point where regular, systematic

observations are carried out at a number of observing stations through-

out the world.

Two major limitations on radio coronal observations are the

limited angular resolution of telescopes of :ý 4geable size, and

the fact that .the energies corresponding to radio wavelengths are

so far removed from the excitation and ionization energies prevalent

at coronal temperatures that little information on the chemical

composition or the atomic processes that 6ccur in the cokoba is

obtainable. What we see at radio wavelengths is chiefly radiation

from free-free electron-ion interactions. Although the amount of

w~
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-Such radiation-produced by a samo.le of gas varies as the square

of-the average ionic charge, the shape of the frdee-free spectrum is

independent of the structure of the ton.

-Ultraviolet and 9-ray astronomy, on the other hand, involves

the-study of radiation produced under conditions that approximate

the optimum-under-which such radiations are produced. As a result,

the ionizadon and excitat-ion -transitions which ,occur will "pr-d.•e

observable radiation, in- thlis region of tihe spectrum which is

characteristic of the chemical as well as the theifmal structure of

the gas. Also, in the ultraviolet and X-ray regions we- are seeing

the corona in the most intense part of its energy spectrum. This

region of the spectrum dlays a major role in determining as well

as reflecting coronal structure.

Unfortunately, these shorter wavelengths are completely exclu-

ded from ground observations by the earth's atmospheric absorption.

The only possibility for these observations, therefore, rests with

rocket probes, satellites, and orbiting observat'nries. In each

case, experiments must be pre-programmed and equipment designed for

the specific observations planned, &ften with a considerable restric-

tion on- performance imposed by space and weight limitationlý and the

complexities of a pointing control. Although the space probe

experi'nents allow observations over an extende4d.pericd of ttme,

they sharc the common limitation of not enjoyin. 'tI advan'ge of

a ivariety of equipment plus 4ý on--the-spot experimenter.

Line spectra of the sun in wavelengths short of the visible

have been recorded both on speci4l photographic emulsions deposited
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by centrifuge techniquesi aind by photometric recording. in flight

with telemetered- data---transmissioný. The. former method, has 'been

-employ.d. by the Rocket SSp9ec-roscopy Branch of the Naval Research

S'Laboratory (NRL) beginning with -a low resolution specqtrum obtained

-with a V-!2 ro~cket on October 10t 1946 -(Baum.-et al. i946)-. Since

then both normal •and grazing incidence spectra of higher quality

Ihavc, beern ebtdined at increasingly short -wavelengths,,•with normal

i .uidence being most valuable down to ,about 500A (Tousey 1964). A

disadwiutage of the use of photography in recording the solar extreme

tultraviolet radiation is the fact that the film is also quite'

sensitive to, radiation at longer wavelengths which make up by far

: - .the largest portion of the total solar radiation. The presence of

instrumental light scatter produces a-serious fogging of the emulsion

unless measures are taken to eliminate this light before it enters

the spectrograph. This has been accomplVished by the NRL group with

the use of a thin aluminum film which abs6rbs essentially all

radiation longward of about 850A. A 4escription of the transmission

properties of such a filter is given in the next chapter.

The photoelectric recording techniques used by the Air Force

Cambridge Research Laboratory (AFCRL) have the advantage of continuous

monitoring during a flight but suffer from the loss of the fainter

lines in the background noise. Also, thq larger noise fluctuations

may easily be misinterpreted as faint lines. The elimination of

stray long-wavelength radiation becomes unnecessary with photo-

multiplier tubes, however, since their sensitivity to such radiation

is much less than that of the photographic emulsions. A further
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advantage of photoelectric •recording techniques is that they yield

-reliable line intensities in absolute units much more re.idily

than does photographic film.

Such observatiohs as. reported on by 11all, Dambn and Hinteregger

(1963), Hinteiegger, Hall and Schweizer (1964), and Hall, Schweizer

and Hinteregger (1965) have contributed significantly to our under-

standing of the absorption characteristics of the upper atmosphere,

and reports by Neupert and associates (1964, 1965) of the grazing

incidence spectra obtained by the first Orbiting Solar Observatory

(OS-oI) furnished the first direct observational evidence of the

variation of the extreme ultravi6let flux with solar activity. The

OSO-1 observations indicated a more sensitive variation in flux

4). with 'solar activity for the lines ar'ising from the hotter idns; this

,was interpreted as indicatitig-;., greater degree of iocalization of

hotter coronal material within active regions. Such an interpretation

has since been confirmed by the recording of spectroheliograms

(actually s'litl'ess solar spectra) by the NRL group (Purcell, Packer

and Tousey 1959; Garrett, Purcell and Tousey 1964, Tousey, 1967a).

The spectroheliograms used in the present investigation repre-

sent a great improvement in q•,ality of resolution over previous ones

to the extent that the chromospheric network is easily visible in

some of the cooler ions, 'notably Ile II L',man-alpha. This imraroved

resolution increases the possibility of identification of some

fainter lines, and improves the ability to detect and evaluate

differences in appearance of the active regions in lines emitted

from ions of different temperatures.



CHAPTER II

DESCRIPTION OF THE EXPERIMENT

A. General Remarks

On April 28, 1966 a spectroheliograph was flown in an Aerobee

150 rocket with a •biaxial pointing control developed by the Univer-

sity of-Coloiado. Time of laurnch was 23:34:51.08 UT, and the rocket

achieved itq maximum altitude of 187.7 kffi 232.2 seconds after launch.

The general design of the spectroheliograph is similar to that flown

during earlier flights (Tousey 1963) and consists of an aluminum

Sfilter mounted on a wire mesh to filter out wavelengths . 830A,

a concave platinum-coated grating operating at near-normal incidence,

and photographic film produced by centrifuging a low-gelatin-content

emulsion onto its support.

A series of pictures of the spectroheliograms taken during the

flight is shown in Figure 11-1. The spectroheliograms are also

reproduced in two review articles, one by Tousey (1967a) and the

other by Goldberg (1967). The quality is excellent, the angular

resolution of the solar disk being approximately 10" of arc (Tousey

1967b, Goldberg 1967).

B. Aluminum Filter

A summary of the data available on the transmission of aluminum

films is given by Tousey (1963) and is shown here in Figure 11-2.

9. .. ,-
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Although all three d°peftmental results agree, insofar as they

overlap, that there is a sharp peak at 171A followed by a steep

dropoff to shorter wavelexig~fhs, •dnidthat the transmission decreases

from 5OOA toward longer wavelengths, the quantitative agreement is

very poor. The varying amount of aluminum oxide coating the surfactis

of the different samples may explain why the transmission curve of

Tomboulian and Bedo (1955) is about a factor of two .igher than that

of Astoin and Vodar (1953).

More difficult to explain is the markedly steeper slope at the

long wavelength end of Walker, Rustgi, and Weissler's (1959) curve

than that of Astoin and Vodar. Also present in the former but absent

in the latter is a discontinuity in slope at around 630A. Experimen-

tal data obtained at the Naval Research Laboratory (Snider 1967)

record a transmission of 11.2% at 584A and 32.8% at 304A. rhis

indicates that the filter used in flight has a transmission curve

somewhat steeper than that of Astoin and Vodar, but below that of

Walker et. al.

Th'le following criteria were used in the present analysis to

construct a curve that would be consistent with the earlier experi-

mental curves and pass through the two measured points of calibration

of the transmission of the filter used in the flight. (1). The

transmission curve should approach zero at 830 to 850A. Since a

smooth curve fit of the two calibration points with this cutoff

point is possible, and this curve shows a simple monotonic lecrease

wiLit increasing wavelcagth as does that of Astoin and Vodar, the

portion of the adopted curve longer than about 300A can be :onsidered



as being known to within ,a few percent. (2). Shortwards of 300A,

a reliable extrapolation from the calibration points woulc! •be

impossible, so a comprom'lse between Astoin and Vodar's and .Tomboulian

and Bedo's curves was adopted. This was done rather subjectively,

but any departures of the adopted curve of a factor larger than

about 1.5 from its assumed value would produce a curve differing

significantly in. shaýpe from the experimental curves.,

C. The Crating

The grating emp1l#cyed in Ohw spectroheliograph was a Bausch and

Lomb Catalog ,135-62-27l.-80 plat'inum coated grating, with a concave
-I

radius of 998.8 mm, a ruling of 2400 lines mm , and a blaze angle

of 2 0'V . The result of the blaze io a m=ximum intensity of the first

order image at around 300A at near--normal incidence, apart from

the variability of reflectivity of the platinum surface with wave-

length. The half-intensity points of tie. ,grating's diffraction

efficiency c,,rve lie at approximately one-balf and twice the waver-

length of maximum intensity, i.e., at about 150A and 600A (Purcell

1967).

In addition to the variation of efficiency with wavelength

that results from diffraction alone, we must cotsider variations

in the reflectivity ,of the platinum coating with wavelength,. The

solid curve in Figure 11-3 shows the reflectivity of a smreih,

platJnum-coated parabolic mirror obtained experimentally at NRL by

Purcell (1967).

'The efficiency of the grating used in the s.p-ctrohelio-raph

was measured at 304A and 584A at NRL and found to have values in
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the first order of 1.1% and 5.6% at these two wavelengths, respec-

tively. At 304A, the reflectivity of the grating is 0.5 that of

the smooth'mirror, and at 584A! the ratio is down to nearly one-

fourth, in agreement with whdt is expected fr6m the ruling of the

grating. At the short wavelength end of the 'calibration, the

extrapolated value of the reflectivity at 150A based on Purcell's

data should also differ from the grating's efficiency by ". factor

of about four. We thus have three well-separated points at 150A,

304A, and 584A for which the grating's reflectivity is fairly ,well

known, and through which we cani draw a reflectivity curve for the

grating that is consistent with Purcell's curve for the mirror.

The dashed curve in Figure 11-3 shows the adopted values of the

grating's efficiency.

D. The Film

Tlhe main problem in the design of films for work in the far

ultraviolet is one of overcoming the high absorption of the gelatin

in these wavelengths. Kodak-Pathe of Paris, by a centrifuging

technique, has produced emulsions consisting of a single layer of

grains on the outside of the supporting medium (Tousey 19 6 3 ),. thus

eliminating this absorption. Successive modifications of this type

of emulsion have been manufactured under the designations SC-4,

SC-5, and SC-7. A modification of the last of these, SC-Ut, which

possesses a thinner emulsion was employed in the rocket sp,:ctro-

heliograph.

No absolute intensity standards were available for the film

emulsion used. I therefore sought to produce a calibration curve



in terms of arbitrary units of fi'lin ekposure,, by an analysis of four

spectroheliograms with exposure times ranging from 0.6 to 10.7

seconds. At 'our arbitrary points along the continuum, at the He II

304A disk image, and at a limb feature in ,Fe XVI at 335A and 361A,

and Mg IX at 368A,, I compared the film dei~sities of •the four dif-

ferent exposures. The film density, D, is, defined in the usual

manner:

I
D logl 0 I

where I and I are thie intensities of a standard beam having0

passed through clear film and film-of density D, respectively. When

plotted against log E,, with E the expbsure (intensity x time),

the characteristic curve of the film results, whose shape is inde-

pendent of the units measuring the expcsure, E. Eight plots of

the characteristic curve at the eight different wavelengths resulted,

all with nearly the same shape. A well-defined composite curve

resulted when the separate curves were shifted horizontally (along

the exposure axis) to minimize scatter. Figure 11-4 shows this

composite curve with the points obtained by measurement from the

film. Included are some points produced in the laboratory whose

significance will now be discussed.

The method of calibration given above gives good values of

the slope of the characteristic curve of the film (often ca]led

the "gamma" of the film) when the variations in exposure arc, pro-

duced by changes in exposure time. If the same variations in

exposure are produced by changes in the intensity, rather than time,



a different set of curves may result. This e-ffect is the failure

of the reciprocity law¢ of film emulsions, and can occur when one

compares exposures of widely differing lengths. Since we must

consider the relative brightnesses of the various points of th_

spectroheliograms as unknown at this point,, a reciprocity check

necessitates a comparison of a graded series of exposures whose

variations in film density are produced by variations in be'am

intensity with a constant exposure,time. .Such a series of exposures

at 5 and 30 seconds at 304A were recorded at NRL by Snider (1967)

through filters of various transmissivities. Table II-1 shows the

exposures, defined in the usual manner but in arbitrary units, and

the corresponding film densities. It is evident that reciprocity

failure becomes considerable between exposure times differing by a

factor of six. Both exposure times taken separately, however,

produce a characteristic curve similar to 4the ones obtained from the

grade-d exposure time sequences with a gamma of about 0.5, and are

included in the construction of the curve in Figure 11-4.

All photometric work in this investigation uses two spectro-

netiograms of exposure times 10.7 seconds and 28.9 seconds correb-

pending to wavelength regions of 171 - 400A and 400 - 030A

respectively. Unfortunately, there is n) useful overl.oppin) of the

two waveletigth regions to provide a dire.:t measurement of r• ciprocity

failure from the plates used in the analysis. The rlciprocity failure

of the film will, however, be less marhel between thL.se C:.pLu ex,

which differ by a factor of 2.7 as compared with a factor oi six

in the laboratory exposures.
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Consider a film emulsion in which the ceciprocity law is

obeyed, that is, the blackening of the film depends orily on the

total- amount of energy received by the film per unit area. If E

is the degree of exposure of the film; I, the intensity of the

beam; and t, t•,e duratich of the exposure, then

E= It (2)

If the reciprocity law does not hold, we may define an effec-

tive exposure, V'i of the film that relates to the film density

by

y log E' + constant = D (3)

and assume, after Schwartzschild (1900) that the effective exposuru

obeys the following relation:

E' = It0 (4)

where p is an unknown constant. Frm (3) and (4) we may elimriante

E', and consider the case where I is the same, but t varies.

This results in the expression

p(log t2 - log t) 2  1(5)
Y

where y is the "gamma" of the film. lor the film u.ed in the

laboratory calibrations, y - 0.5, and ]og t2 - log tI .7= .

Therefore, a value of p is specified for each pair of exp~surus

given in Table II-I by the following for'nula:



-p= 2.57(D2 - D1) (6)

The values of p so obtained are- tabulated in the, far right

column of Tab'h L-=l. If we>.adept a, value of p = 0.30. then the

I •reciprocity failure 6f the film will lead to an -error in the

relative exposures of -the two •necetroheliograms -of a factor of

2.7-0.7 or 0.5. This is a smd.ll enough error that it. may be included-

in the empirical correction procedure; described in the next section.

E. Overall -Instrumental Efficiency

So far, no allowance, has been made for any possible variation in

the sensitivity of the film with wavelength. Since the intensities

of the 304A and 564A lines produced in the laboratory were not

available on an absolute ,scale, an indirect method of checking the

instrumental efficiency to detec.t a.possible variation in wavelength

response of the film had to be used. Since the emission from the

lines of the lower-temperature ions comes more or less uniformly

from the entire disk, it is possible to compare the relative surface

brightnesses of these lines as recorded on the film with the line

energy fluxes outside the earth's atmosphere measured by Hall,

Damon, and Hinteregger (1963). Table Ill2 shows a• comparison of the

surface brightness of the solar disk in the lines lie I 584A,

0 IV 554-A, and P_. II 304A with the corresponding fluxes measured

by the AFCRL group. I obtained the relative surface brightnesses

by photometry from the spectroheliogram.., using the efficiency curves

of the aluminum filter and platinum graLing to convert film densities

to intensities. The absolute values of the brightnesses followed



- -- tf-abm the assumption that the 304A He II line, whose photometry was

Cohe mosL rel-iable, had .a, flux to surface brightness ratio C.equa.I to

(R /A.U-.) -or 2.15 -x- 10 -the f.ux being-based on the AFCRL

observations., The data show unmi'sakably a strong increase in

sensitivity, of the spectroheliogiVaph with decreasing wavelength

that -is.. 4 irobably due to 'A combination ,of (a) wavelength variation

in- film sensitivity, (b) reciprocity, ffiilure between the exposures

of-different lengths and possibly variations in the degree of

reciprocity failure with wavelength, and (c) variations wih wave-

length of the fraction of solar radiation absorbed by the terres-

trial atmospnere above the apparatuts. The total variation appea4rs

to be nearly linear and can be represented approximately by the

expression

X = 1.90 - 0.03A(A) (')

We thenm adopt for the total efficiency curve of the apparatus

Lff = T (b,

w~here Eff is th,_ total efficiency, T is the transmission of LieU

aluminum filter, and R is the reflectivity of the gratjr,%. Sincv

eq. (8) is unknown to within a multiplicative eonstdnt, the effic-

ienICy units are irbitrary. The absolutc brighn.•.L. of thit crooal

fuatures, which .vill be needed later, wIll be Lound oy adllLier cow.-

porison of tLne measurea intensitieL- of the hi k.- o" ik iti e

et. al. with the photograpth.c UenLiLty #. te -.pjcti.e1 £-or We

this time from the correcud efficienc'- fucit.v'a .a 0 i).
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2A plot of the efficiency variation with wavelength as given by

eq. (8) is shown,.in Figure 11-5.

21
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Table I1-i

le II 304A Laboratory Film Calibrations

E D E2  D,

5 .13 30 .30 .44
10 .23 60 .32 .23
25 .34 150 .48 .36
50 .65 300 .2.,

100 .78 600 .90 .31
250 1.02 1500 1.16 j6
500 1.24 3000 1.28

5 second exposures 30 second exposures

Table H1-2

Emission from the Sun in Some Low-Temperature tons

-12 e- I rom (erg e m c ru
Line E(erg cm- -ec) ~-ul -) fu

entire disk at 1 AU E/E5 5 4 spuccroiiiiograc, i/.54

He [ 584A .055 5.5 2,94 x LC 2.20 IV 554A .01 1.0 1.34 x i 1. 0

1,eIl 304A .25 25 1.16 x 10&
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Figure 11-3. The reflectivity of an off-aris parabolic mirror with
a platinum coating (Purcell 1967). The lower curve
represents the adopLed efficiency curve for t!• 6rating,
and shows two points obtained from laboratory measure-
ments.
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Figure £1-4. The characteristic curve of t:,e Shumann-type emuslion
used in flight. The quantity L represent.$ thu
exposure, intensity times time, in arbitrary units.
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CHAPTER .III

APPEARANCE OF THE SUN ON APRIL 28, 1966

A. The Visible Disk

'The solar disk on April 28, 1966 exhibited a considerable

umnount of activit.y in the northern hemisphere as indicated by the

Frautihofer Institut riap for that date (Figure II-)). Tile active

regions shown on tile map that give rise to noticeable enhancement

of the EUV radiation are:

(1) A large region near the west lirab of the !i.tn with a spot

group of class D7 (Zurich classification);'. The region is centered

at 19-N, 58°W.

(2) An extended rdg@ibf dncompassing two small spots of class

AL, cenriered at 29*N, 22 0 E; and 30 0 N, 34 0 E.

(3) A moderate-sized region surrounding a class JI sunspot.

Position: 22°N, 67*E.

(4) A coronal enhancement at the east limb which appears to

be associated with an active region that lies just behind the limb.

'rhe first suggestion of its appearance in Ca-K is a very slight

brightening of the limb on April 29 at 13:25 1IT, or 13 50 after

the spectrolieliograms were recorded. Tie feature is center.d around

17?N, and on April 28 appeared only in --oronal emission. OWservations

of the progress of the plage across the disk indicate that che

extreme western portion of the plage lay from 0° to 30 behind the
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limb during the rocket flight. On the EUV spectroheliograms, the

feature appears at the extreme right hand position of the limb,

or about 70' from the north pole.

S(5) An isolated small center at 25°S, 18%I, in which an Al

spot develops on April 29, 1966.

Figures III-i and 111-2 show the solar disk for April 28 in

the light of H-;alpha and Ca-K, respectively. In both monochromatic

images, Feature I appears as a fairly compact, intense plage. To

the east of this region lies a region of moderate activity', which is

centered about 25°N, 22°W, and appears to contribute little to the

EUV radiation. This region shows a plage structure of much greater

complexity, and has associated with it a filament that extends from

it to the northeast.

Feature 2 appears highly structured in both Il-alpha and Ca-K,

and also in the cooler ions radiating in the EUV. A comparison of

the Ca-K picture of this region (Figure 111-2) with the disk image

of 0 V at 630A shows a quite striking agreement in structure, with

two large plages toward the east, preceded by several smaller ones

toward the west. An example of this feature in a hotter ion is most

clearly seen in the second-order emission of Fe XVI 335A, which

appears at 670A against an essentially zero background. At those

temperatures of 4 to 5 x 106 ,K, the coronal enhancement appears as

two larger, fairly well-defined regions of much less complex struc-

ture.

A quite well-defined plage region appears on the disk at the

same position as Feature 3, and the association of Feature ,# with a
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plage region just behind the limb has al]ready been pointed out. The

latter feature shows no evidence of its presence in the cooler EUV

lines such as 0 V at 630A, and :begins to appear only faintly in

Ne VII at 465A, at a temperature of 5 x *K. As seen on April

28, then, we may consider Feature 4 as being purely coronal.

B. Limb Observations

A particularly useful comparison of the EUV radiation from the

solar corona would be with limb spectra from a coronagraph-spectro-

graph in such forbidden lines as Fe X 6374A and Fe XIV 5303A.

Unfortunately, the only limb spectra available near the time of the

rocKet flight were taken on April 27 at Sacramento Peak Observatory,

the day before the flight occurred. The details of the limb enhance-

ment in the visible lines are thus not directly comparable with the

EUV observations except in a qualitative sense. However, certain

characteristics of the structure of the visible line radiation

are quite interesting and have their evident counterparts in thL

EUV spectroheliograms taken on the next day.

i6igures 111-3 and 111-4 show, respectivuly, Lhe Sdcir..iMtuOL i3•,i

limb spectra for April 27 taken at high resolution, in thv rut;Lol.

of b374A and 5303A, respectively. Tile spectra are cunt•Ler .iL at '

position angle on the solar disk as mea:ured clockwibi feoi-, i.,.

north point of the solar limb. The P-correction for Li, jL tL..,

April 27 and 28, 1966 was nearly -25*, thus tnlu sjecLra Ark ceiiLvrcu

about a point on the east limb at 20% LtituUe. A po±&t Iy to•,t

comparison of the intensity profiles of thue.e bectr" .iiowz. .a r,'thir
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broad miaximum at niearly 209MN, with two maxima of L•s.iet WidLt Oi

v. i ther . ido. This enhancement correIspon(•s closely to Lhie posiLion

and extent of Feature 3 on the same date, and we may safely identify

the forbidden-line enhancement with the active region and forbidden,

line enhancement listed as Feature 3. In addition, there appears

a bright knot of emission at 5303A poleward from the other feature.

This emission does not appear in the red line. The overall impres-

sion gained from the two spectra is that the green- line, which is

representative of hotter material than the red line, exhibits the

same general variation in brightness aLIng the limb in an active

region, but possesses one additional important characLeristic;

namely, the addition of very bright, concentrated maxima presumably

representing hot, dense "knots" of coronal miiaterial.

The qUiet corona adjacent to the active 'region shows a general

it)crease in red-line emission towards the equator, and an increase

of the green-line emission poleward. The former phenomenon is

similar to the behavior of the solar limb as seen in Mg IX at 368A

on thie ,EUV spectroheliograms. The latter effect appears to be due

to the presence of other coronal activity to the north of the main

feature. Because the axis of solar rotation is inclined to the plane

of the sky with the north pole inclined away from the observer by

an angle of B = 40, the belt of activity appears to be displaced to

the north as one moves in slightly from the limb.

The primary feature in both the red and green lines appears to

extend along an arc of about 50 at the solar limb, and is a.tended to

either side by enhancements about 30 in width. ThLe total
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north-to-south distance of Feature 3' as it 'appears in Ohe hUV

lines is also about l1', although filmgrain noise makes the boundary

of Lhe EUV enhancement less well defined than it is in the visible

lines. A localized brightening does appear in Feature 3. soutn of

rhe brightest portion of the enhancemert in some of the brighter

lines, notably 335A and 361A of Fe XVI,. The fact that .therei is

a diference of one day between- dihe two observations makes uutaii•ld

comparisons uncertain, both because of solar LotaLion and po.ssible

time changes in tile physical structure ot tche nharcement. A look

at the Ca-K picture clearly shows the part of Lhe plage closest

to the limb to be made up of a thre,-fold structure. Tile central

maximum, wlhch is the brightest portion of the region, coLuLnCts

with another maximum to the so ath by a bright channel, whLreas tile

norcherr, appendage is separated by a dark region.

We cenclude, then, that there is a one-to-one c0rrespoldene4.

between the elements of Feature 3 as seen in Ca-K, and in Lie

coronal visible and EUV radiation, -,c lelast among -Lemvnrts ot the

order of size of a few degrees on tne solar disk. TLie corvnaI

emission, however, si.ows little structure cn a smaller scaiec thail

thi•, altLhough tne presence of lines of widely uiftl.ring L.j;atur.

in thLe same region of tile corona suggests unr%,.soiL#i toronJ ,tc..1t-

Lure on anl even bmaller scale. Thre L IUS apjjLc,,r:-, L0 ,, I .|,L intitW'

in "he gross structure of an enhanc-emer.t with LhL utidvrly. ;,

tih is presurved across the transition regitil, )tt Ltt±tvt-. ,s

small as tle chroinospherie ntLwork are coi,,pltLciy S•iuatC,. ,ut U)>

Otw Lime they r-,ach the corona.

A
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C. The EUV Spectroheliograms

I. Line Predictions and Observations

Tables 111-1 to 111-9 list all the 'predicted lines arising

2 n 11+l
from the screening transitionsi 2s 2p 2s2p of tile Be I to

FF 1 isoelectronic sequences, and the 2s "> 2p transitions of the

Li I sequence for the elements 0, Ne, Mg, Si, and S. In addition,

the resonance lines of Al XI, X, 'P XlII, XII'; and Na VIII are

included because of the intensity of the resonance lines from the

Li I and Be I sequence. Also included are the lines arising from

the Fe ions, and a few of the stronger nickel lines. All the lines

listed may-be excited directly from the ground term or from some

metastable level. Recent computations by Bely (1966a, 1966b) of

the collisional cross sections of 'the lithium type ions i;ndicate

that, in these ions at least, the quadrupole excitation JLrss

sectioas in some cases are larger thaa the permitted dipole cross

sections. Therefore a metastable level might be easily excitrd andl

could suffer a second collision to the upper level of an en'hanced

line. We thus see lines of different multiplicity in the ,same ions,

aithough the non-resonance lines are decidedly weaker. For the very

high temperature ions, departures from L-S coupling destroy meta-

stability and the enhanced lines must b,, excited directly from the

ground state. We therefore observe enh:.iced lines only in a few ions

whose temperature is rather low (.1 10 6 'K).

,rhe quantities feff represent the effectiwve oscillator

strengths rather than the actual f-values of thle lines in qui.stion.

The method of calculating them from the actual f-values is described
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in Chapter V. For the sake of consistency within an isoelectronic

sequence, theosciilator strengths were taken for the most part

from Varsavsky (1961') for ,resonance transitions, although more

recent values as compiled by Pottasch (1967) will be used later in

the data reductions. The f-values not directly given by Varsavsky

were obtained from the relative line strengths in L-S coupling

(Allen 1963). Departures from L-S coupling become increasingly

important for the ions of greater charge; however a check is possible

in the case of Fe XIII with intermediate coupling line strengths

calculated by House (1967). The L-S couplJng approximation for

F'e XIII gives f-values in agreemenE with House's results to within

a few percent.

Since uncertainties of several tenths of an Angstrom in the

"measured wav-•lengths of the emission features in the spectrohelio-

grams exist, a somewhat roundabout method of identifying some of the

weaker lines had to be used. When possible, a comparison was made

with slit spectra taken by NRL during other flights to determine the

wavelengths of the emission features more accurately than would be

possible by direct measurement. As might be expected, nearly all

lines obseirvable on the spectroheliograms were also visible on the

slit spectra. The tableo at the end of the chapter then confirmed

most um the earlier identifications. In the longer wavelength

regions (Q 400A) only the very strongest lines were visible in the

slit Elpectra, ;and several low excitation lines were recorded for

the first time on the spectroheliograms as plage-type feattres.

A good example is a group of lines of MV VI and Ne VI at arouid 400A.
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The following subsections give a description of the identified

lines and include several lines in the discussion whose appearance

on the spectroheliograms is uncertain., In particular, lines between

264 and 304A which overlap the He 1I Lyman-alpha image at the east

limb may be quite strong yet invisible Ln the sharp features used

for identification due to the overpowering strength of the lie II

disk image.

2. Lithium Sequence

The properties of the lithium-type ion emission have becn dis-

cussed briefly by C. Pecker (1963) and by Tousey (1963, 1964). In

spite of comparatively small oscillator strengths (,< 0.1) the
2o 1/ 2I/

resonance doublet2 22 1P3/2, 2" 2s S is easily seea in Lhli

more abundant elements. Two effects combine to increase the strvngta

of the lines. First, the comparatively small value of W/k'i resui•L

in a large value of the Gaunt factor P(W/kT), and this increase.,,

the collisional excitation rate. Also, as we saial ,ce later, tihe

relative abundances of these ions de .:eascs rather ,ulowly with

increasing te.mperature.

The sequence first appears with the Jineo- 609.8A an 1n ý).3A

of Mg X. T"ese lines appear rather weak becauvst ol thi ovur.i,1pping,

with emission from the (0 V 029.7A disk, and LA•e 1tUL.th m 1 L,

of tLie *ilu inuin , fi.Jt.ur aL these wavelen,,Lh.s. Alti, i.ý,i aII ,is Of LthV

solar imale IL t (09.8A overlaps the suco id ••di•r tit 11 Lyiinai -,ilpha

imaige, tLlt east limb of the Mig X line pCojects vnouuil beytiaJ Lth

helium disk to ,akel fuature.• (3) a.l, k'-, vi:Iolu.



32

The two corresponding lines of Al XI at 550.OA and 568.5A

are not evident due to the low abundance of aluminum on the- sun,

and the fact that they are superimposed upon images 'of 0 IV at

554A and He I at 584A.

Both lines of Si XII at 499.3A and 521.1A are prominent. The

lines of P XIII at 456.1 and 481.4A are absent, although there is

a very weak line at about 483A that remains unidentified. It is

tempting to as-ign this line to P XIII; the other line is however

definitely not present. The 483A line is more likely the second

order image of an unidentified but strong line at 241.7A.

A similar situation exists for S XIV which according to

photospheric abundance determinations by Goldberg, MNllur, and Aller

(1960) should emit almost as strongly as Si X1I. A strong line is

present at 422A which could correspond to Ivanov-Kholodnyi and

Nikolskii's (1962) extrapolation of the S XIV K-line as being at

421A. The onter -line at around 446A is not in evidence, however,

--I the line at 422A is more likely the second order of a line of

tu XIV at 211A.

3. Beryllium Sequence

Th resonance singlets of the Beryllium sequence (2s2 1SO
I0

2s2p IP) are possibly in evideace continuously from 0 V at 629.7A

to Si XI at 303.4A with the exception of F VI and Na VIII, although

Al X is very weak. The 629.7A line of 0 V is very strong with most

of the emission coming from the disk, and the active regions showing

considerable plage-type structure, Ne VlI at 465.3A is also strong

but shows less disk emission and some evidence of extended coronal

LI _ _,_
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emission. Feature 3 is evident as a sharp plage at the base of

extended, diffuse coronal emission. Mg IX appears strongly at

368.lA and continues the trend toward more diffuse radiation

associated with the corona, less emission from tile disk, and less

noticeable plage-type structure. Limb brightening is still very

strong. A line at 330A was observed by Tousey and was suggested

by him to be Al X 332.9A; this line is also present weakly in

Features 3 and 4. Si XI at 303.6A falls almost cowipletely upon

the He II 303.8A image, but the active coronal emissions are

evident due to the strength of the line. Pottasch (1964) identifies

a line at 278.7A from Ilinteregger's (1964) data as arising from

P XII, but the weakness of the line and the presence of the He II

304A disk superimposed on the east limb prevent its appearance on

the spectroheliograms. The line of S XIII at 257.3A is present

but badly blended with other lines of silicon and sulfur.

The triplet spectra of the beryllium-type ions are seen with

reasonable certainty only in the case of Mg IX. Zirin (1964)

identifies a line at 444A as arising from the Mg IX triplet, and

the spectroheliograms show weakly other lines at about 449A and

440A. The corresponding lines of Si XI lie between 365A and 372A

and are not apparent. Part of the reason for their absence may be

the wealth of faint lines in this region from Mg VII, and the strong,

diffuse line of Mg IX at 368.1A.

4. Boron Sequence

The lines of the boron sequence are in guneral considerably

weaker than those of the litiaium and beryllium sequences, largely
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because the large number of transitions possible makes the oscil-

Lator strength of each rather small. The comparatively small term

splitting in this series gives rise to rather close blends of lincs

which are difficult to separate in images of extended features.

In 0 IV the term splitting is veryi small. The 2p - 2P

transitions produce a blend at around 554A which is quite .'trong

due to the high abundance of oxygen. Cknsiderable emissiot, ariseb

from thO quiet regions of the solar disk, but Limb brightening is

also pronounced in contrast to the helium images. The 'inch ol
2

tlhe mtilt ipit 2) 2 S may he present at 608.4A and (609.8A but irv,

biunded considerabbly wiLh second order hetLiu,, Lyman-alpha an, ,t.; X

609.8A.

The SFectrum of Ne VI is very faint, and the resonance

2",P 1) lines at 449A .a(i ju.2A are unob'ivrvaolc in tue -ptc.rkA-

Lieiioglxaws, paCtially be¢xiu~e o" overlap with tOet I., 1i 4A ,

1i11age. The two lintls expcCoU from thu 2 2 rarition.,,

430A and "32A ire not evident with %CUtainty uitllur, out i1re oU'-

cured oy resonance lines of Mg Vii. Ont line 1 •:l-VcL ,t a.t,,.ut '4UA

Sil tlaLure i as a small, plage-type feaLuri' cLC',;, d t" '.,-

.Aronge-t ilinv of tnc 2 1 ' ? ultiplet at. 40i. 9A ( "4/ ,

etit 'i.r I ile.', are eons iderib y wv duer inl L-S COULA i,) A.10 .Xt(

,;•iii.• d b\ .tihte rt-son.ince lliiae of %g , Vi h c tri.i ,&i , I..t .I A ,.

it- lppcparnt ec. A very we,, line on the rdd , tdv i.S' VI 1) . 3A

2 ,
Ii i i -. Iru 2 2 ' P f .. V1 .' VI . 9d .. k I tW

CC-,IA.,il' 11 1Il' . the 3/2 /J L i/ wz! i A .iL h i . 4 . Ad. k



eXactiy With~ a Mg VI line of the same wavelength, and the 1/2

L/2 transition at 401.1A blends with Mg V1 400.7A.

the Speetrum Of Mg VIII is present with a good many lines

including the resonance doublet at 430.5A and 436.7A. Lines of the

J, P multiplet are present; at 311.8A, 313.7A, 315.OA and 317.QA,

but LiheSe are obscured somewhat by the lines of the 2s 2p j S1

2S21) 4 ' t 1ranSitions of Si V111. T1hICe P -,2S 1muIltiplut i!, IlOL

visible.

Tousey, ct. al. (1965) iduentify a line atL 356.OA ats ainAitIg,

froill the quartet terms 2 s2 p P 3/ .p34S /-" 1AifL irja.

very faint~ly onl tile spect~rofieliagramb as a plaý,L inl ica.±urt. k3). I I,(

other lines of the Vaultiplut at 352.,. and 353.8A are aa0peLt

Tiie Line at. 356.OA ib, howevef, almost vxactly coincidenL W-Lil

clov esnacepair of biX21132- 2"3/2, J/,' at 356.1.A. oiafcv

thle 00wir ilne at. 347 .4A is a.Lbo preseat, Lil ý'ThA lln i,,-A Oc

Conz~idereu I blend'.

naJve !len i)cývxed by lioubuy eL. at. ([L96:) anti jLiL4L.. I,,,, *s, LIhL

P S tlX~61 oI iU5, &AItL they tire e0ralvpiL~tl\ 4-1-.kvt .. Lilt L

iý I kice fivi ILY1;1,M-daipa linie. Near tule WesL Il;J i

-UfLt is- il U. pro,)er positioii 0 ui.tu I).t. .'.

.,engeth r 1ion , bt e :UaturL! ib too e~~ ) .. s.

.Several li ncb appeuar ol tike bseCý roiwiit~*,i j. ~'~

254A .u .\i 1 ico r,,,y tQ tiLL C ibUL.u 1, .:L! Lt, i. ,,L I *,
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of Si X. These lines are blenided with several lines of the S A

resonance quartot and are difficult to identify individually.

'fhe quartet lines of Si x lie around 290A and the same dif-

fiCulty in ,.,,trviiig then, as in observing the 'P 2ý lines. ipplie.L!.

Ihiere is an enhancement corresponding to Feature 1 at this wavelt.;n601,

but othewr contributors could be the 2s 2p 23P -> 2s2p 33P transition-S

17Si IX (.i resonance multiplet) and the 3s 2 S / >.3 /2 93.3A

transition of Ni XVIII. Also contributing to thLe emiSsionl it 29UA

of Feature I could be tne resonance MUltiplet 2P - 2 0 ox) 6 X~l.

No lines of S XII have been observud With aay eurtaint~y,

altinough many predicted lines either lit- in tthe He LI. J04A dlisk itL

thieIr east limb, or become difficult to pick out in the shucL wavc-

lungthi end of tne spectrohieliograms. Irn additiLon, the cnecr,,y levvt:It

are Onevrtin and had to ne obtained by an eXtrapolatioa of :ýAUoCY'-

(1949) data.

5.Ca rbon Se~qenCeIC

The caIroonl beqtulene is biffilar ,' j~ Liororon sueckuafcv in t,,,iL

i,waii cluse' tiends are formed by the smllall Ler~ii bpltL-ingb.

w~ission from 0 1].1 !.ý completuly absent. inl the WGV\'lLII-'th ,

und.;c cotisideration ticre, aitnough Moort '.s (1949) ibcJ.UL'

three lines fromiQ 3he (), , 3SImuILtiplet atL 507.4A, jOY*. YA 1116u

508. 2A revpeCt veiy. if present , thiew. aII: i~Olti hi-

eiaission f row the di sk; L-heir abseace is a rvskltL qit Lllte IA L Lki.&L

thle tellperatures necessary for their fol Matlio tL(; ) -J ia.) ,.4 Lhvi C

origin 10ow inl th- Chroinobpiiere-coronal, Irzasa tiw ek~gioO. iIQ.~;a

of umitting matvrial ill thizi region at )i jrz: Lo Ov Vvry sa



conclusion is similar to tnat of Kozlovsky and Zirin (1968), who

have studied the coronal emission of 0 VI at somewhat higher temp-

eratures. Apparently absent also are the lines of Ne V. The

resonance lines at 568A - 572A are masked anyway by the fie 1 584A

linL, but the 3P -.> 3P lines at 480A - 483A should be more easily

visible if they were present with comparable intensity. The

JP -> 3S triplet at 358A - 359A is also not in evidence.

The resonance 3P -> 3D lines of Mg VII range from 429A to 4JA

and are present, with fair intensity. The 3P - 3 ) lines at 364A -

3 .368A are also present with much less intensity. The P . 'S lint-,

at 27oA - 278A are badly blended with other lines of Si V1i ana

Si &, and in Features (3) and (4) are obscured by the Ile I 304A

disk.

Faint images of the limb at 342A, 345A, and 350A appear to bJ

due to tLhe resonance lines of Si IX. The first of theý.e, however,

may be blended with second-order 171A emission from Fe 1X. boLil

Features 3 and 4 are present at 342.\, but Feature 3 tak•b oa morv

of a coronal enhancement appearance than that of a pl.agt:, -.ILnomg.j

a small brighteiiing remains at the center. The 3P ý 3P1 Lrai,-iLiour,

suffe.r from interference with the ile II 304A disK, and pu(bLy I)iy -.

some resoniancu lines of S Xl. Thle 3P - 3S transitiunS it 2ViA

227A may well contribute to tiiv very witie uana of oiende:d iu.•

that region. Uther multiplets lying in OWl ,,ameu rugin ACL. iroa

S IX and S A. Thu lines or tue 3, 3 S MUiipiet ol N ., i 16A

1l9A do hoL appear.

I.



38

6. Nitrogen Sequence

The ground term 4S of the nitrogen sequence is unsplit; and

connects by permitted transitions with only one other term, 4P.

Although the oscillator strengths are not particularly large, the

splitting of the 4P term is sufficient to make most of the identi-

fications of these lines fairly reliable.

No lines of Ne IV are evident with any certainty. Mg VI appears

fairly conspicuously at 399A - 403A, but its lines are partially

blended with those of Ne VI in the same region, as described in

subsection 4 of this section. The Si VIII lines at 314A - 320A

are superimposed on a non-resonance Mg VIII multiplet, but the lower

temperature at which the latter is present ('xl 800,000 OK) makes

these lines fairly readily distinguishable.

The spectrum of S X has been observed experimentally by Kononov

(1965) who fixes the resonance quartet lines at 257.1A, 259.5A,

and 264.3A. The last of these is blended with Fe XIV at 264.5A.

The first two may contribute appreciably to the wide, complex blend

of lines at 256A - 258A.

7. Oxygen Sequence

Only the resonance triplet of Mg V at 351A - 355A is evident

with any degree of certainty as a weak series of plage images of

Feature 3. The lines of Si VII at 273A - 278A are covered by the

lie II disk, and the lines of S IX at 221A - 229A (Kononov 1965)

are badly blended with other lines of Si IX.

8. Fluorine Sequence

The resonance lines of the fluorine sequence mirror the reso-

nance doublets of the lithium sequence; an inverted IP 3 / 2 1/2I
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2S
term connects with a S term. The two lines of Mg IV are not appar-

ent at 321A and 323A, but Si VI emits weakly at 246.OA and 249.1A.

The two lines oT S VIII occur at 198.6A and 202.7A in a region that

contains a large number of lines from Fe XIII (Fawcett et. al.

1966, 1967) which are very incompletely observed. The second of

these lines may possibly account for a part of the emission of a

long unidentified line at around 202A.

9. Spectra from n = 3 Electrons

By far the most important contribution to lines of the sodium

to argon sequences comes from iron in the corona. The spectra of

Fe VIII - Fe XIV in the region from 170A to 220A were largely unknown

until comparatively recently due to the long uncertain extrapolations

.required from elements of lower ionization in the same series.

Because of their intensity and strong analogy with the lithium and

beryllium sequences, the resonance lines of Fe XVI at 335.4A and

360.8A and of Fe XV at 284.1A were easily identified shortly after

their first observations. (Hlinteregger 1961; Hall, Damon and Hin-

teregger 1963). Another possible line of the magnesium sequence is

Ca IX at 466.2A which is visible in the spectroheliograms as a

faint line just to the red of Ne VII 465.3A. Diffuse emission from

Feature 1 at about 290A suggests that Ni XVIII 293.3A of the Na I

sequence may be partially responsible; however, '-he companion line

at 322.OA does not appear.

The remaining sequences, from aluminum (Fe XIV) to argon

(Fe IX) are represented in the spectroheliograms solely by iron.

The lines from these spectra divide themselves into Lwo groups --
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screening transitions of the type 3s 23pn -) 3s3pn+l and transitions

involving a p -• d jump, 3pn -_ 3p n-13d. The former are the resonance

spectra but are quite poorly known. The lines arising from these

transitions lie in the region of 340A - 390A (Varsavsky 1961, House

1967). Several lines of low to moderate intensity are evident in

this region and may in the future be attributed to iron.

The 3p -> 3d transitions of Fe IX - XIV span the range of 171A

to 220A and result in strong emission from the corona for which

detailed identification has only recently been established. The

first step in identifying these lines was made by Fawcett ct. al.

(1963) who noticed a coincidence between the solar lines and those

present in a Zeta discharge. It appeared that the Zeta iron lines

resulted from contamination of the plasma by the steel walls.

Further work by Elton et. al. (1964), House, Deutschmann, and Sawyer

(1964), and by the Culham Laboratory group in England (Fawcett and

Grabriel 1965, 1966; Gabriel, Fawcett, and Jordan 1965, 1966; and

Fawcett, Gabriel, and Saunders 1967) 'aas resulted in a gradual

identification of the lines in this region, the mo.;L recent bein6

those of Fe XIII.

As the n = 3 shell empties from Fe iX to Fe AIV L11 waveiw• J.W

of the 3p -> 3a transitions slowly increase in a ruýula.r tnuiikuc.

The Fe VIII ion, althouglh belonging to tUl potalbJ-W,, 0ueA¢, I,,La

a ground configuration of 3p 63d rather than 3p 04s. 11M! LtV on uic-

lines therefore arise from screening transition, 31, id

3p 53d2 2F5/2, 7/2 at 186.6A and 185.2A. 'lOis ruverbV. LiQ treund

of decreasing wavelength with decreabing tonization.
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Table 111-4

C I sequence

2 2 .32s22p -) 2s2p3

0 ill Ne V Mg VII Si IX S XI
Trans A feff A feff A feff A feff f eff
3 P 031)1 568.4 .02 429.1 .018 342.0 .013 280.6 .0i4
3 3

569.86 431.21 345.0 284.07
Ip1. D ~ 569.8'*0 43.105 4.1 .0 J 0

4 3 .3 3 4135
"p> Kýj 572.0 434.61 397 8.

.02 .014 349.8.011 289.1 .07

3P2"•3D 2 5 72.1 434. 349.8 1 289.51J

3 P2>3 03 572.3 .09 434.9 .07 350.0 .06 289.7 .05

p o.> 480.4 .015 363.7 .012 290.6 .010 240.5 .008
p •3 P2,1,0 481.3 .05 365.2 .04 292.8 .03 243.0 .02

321 •3p2,1 482.9 .08 367.7 .06 296.2 .05 245.7 .04
31)or381 507.4 .04 358.0 .03 276.1 .02 223.7 .017 187.6 .014
S31 "38 1 507.7 .13 358.5 .08 277.0 .06 22.0 .05 189.1 .04
31 508.2 .21 359.4 .14 278.4 .11 227.0 .08 190.8 .07

1 01) 599.b 416.2 319.0 258.i 216.2
D2 "> A 1 525.8 305.6 280.7 2.7.3 3.91.0

iS 1Pl1 397.8 416.8 32C.5 259.7 217.8

[0
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Table 111-5

N sequence

2s 22p 3> 2s2p4

Ne IV Mg VI Si VIII S X

TasA f x f x f A f
Trans eff eff eff eff

"4S 3/2->4 P5/2 543.9 .25 403.3 .18 319.8 .14 264.3 .12

4$324 P3/2 542.1 .17, 400.7 .12 316.2 .095 259.5 .08
3/2 3/

4 $3/2->4PI/2 541.1 .08 399.3 .06 314.3 .048 257.1 .04

2 D5/2 -> 2D15/2 469.8 349.2 277.1 228.7

2 D5/2..-2 '3/2 469.8 349-.1 277.1

2D3/2 2D5/2 469.8 349.2 276.9

2 2

DO -, 1) 469.8 349.1 276.8 228.2

3/2,5/2

2

,*4358.7 270.4 216.1 180.7
5/2 3/2

132" P2 4.8 349.2 261.8 190.4

3/2 5/2

2 9

P3/2- 35/2 469.8 349.1 2768. 228.2

2

D 1 P 35787 2790. 2216.9 170.7

"3/2 l3/2

21) D 521.2 387.4 302.3 180.4
3/2 3/2

2 2,2 ý- 521.8 388.0 308.322.
-3- 5/2

2P 3/2-)' 2 1/2 42.L.6 314.7 251.U

2P3/2*52P3/2 388.2 293.1 235.6

2P 3 / 2 2Pl/2 387.2 291.5 233.2 7go.8

2 2Pi/2-1 2P 3 / 2  383.2 293.0 235.2

2 P /2-) 2P /2 387.2 29i.4 232.-
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Table 111-6

0 I sequence

2 4
2s 2p -÷ 2s2p5

Mg V Si ViI S IA

Trans A f eff x feff A (fAf

32 32
"3p2 32 353.1 .14 275.4 .11 224.8 .69

""PI) P1  351.1 .05 272.6 .04 221.3 .03

3I 3P
"" 355.3 .05 278.4 .04 228.9 .03

3P1  3 P1  353.3 .02 275.7 .02 225.3 .018

3P - 3P 352.2 .04 274.2 .03 223.3 .02

P 31 354.2 .04 276.8 .03 226.6 .02
o 1

1)2 1" 1 276.6 217.8 179.3

S -> P 312.3 246.1 202.o
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Table 111-7

F I sequence

2s 2p 5 2s2p 6

Mg IV Si VI S VIII

Trans x foff Aý feff f eff

2p 3 2S1/2 321.0 15 246.0 .11 198.6 .09
3/2 1/2

2/2 2/2 323.3 .07 249.1 .06 202.7 .04
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Table 111-8

p - d transitions of Fe ions

Ion Transition AJ A

Fe XII 3p63d 2D - 3p 53d2 "F 5/2-7/2 18,5.2

3/2-5/2 18e.6

Fe IX 3p 6 1S- 33p53d1p 0 - 1 171.1

5 2 >p
4  2Fe X 3p P 3p43d P 3/2-3/2 177.2

2p 2 D 1/2-3/2 175.3

3/2-5/2 174.6

Fe XI 3 141) 4 3p 3 3d 1 F 2 - 3 1/9.
3p 3D 2 - 3 18U.4

I - 2 162.2

0 - 161.1

2 -2 178.

1-1

Fe XII 3p3 "D -> 2 3d2F 5/2-7/2 166.9

S + P J/"-1/-I 1i' .4

3/2-3/2 19JJ

Fu XIII 3p2 1D 3p3d1F 3 - 196.

3p 3 D 2- 3 203.8

1-2

0 -1

Fe XIV 3p'P - 3d-D /2-3/2 L..j

ý12-512 2 9.1
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Table 111-9

s -• p transitions of Fe ions

Ion Transition AiJ X(A)

Fe X 3s2 3p 5 2p P 3s 3p6 2 S 3/2-1/2 347

1/2-1/2 367

2 4 3 5 3
Fe XI 3s 3p P 3s 3p p 2 - 2 358

2 - 1 350

1 - 2 376

1 - 1 367

1 - 0 360

0 - 1 369

Fe XII 3s2 3p 43 -4 3s 3p4 4p 3/2-1/2 35b

3/2-3/2 360

3/2-5/2 369

Fe XIII 3s2 3p2 3p 3s 3p3 3D 0 - 1 360

1 - 2,1 373

2 - 3,2,1 38b

Fe XIV 3s2 3p 2p 3s 3p2 2D 3/2-5/2,3/2 370

1/2-3/2 346
3s2 3p 2 P> 32 2p2 p 1/2-3/2 251.8

3/2-3/2 264.5
3/2-1/2 270.3

3s2 3p2 P 3s 3p22S 1/2-1/2 274.3

3/2-1/2 286.7

Fe XV 36 S 3s 3p ip - . 284.1

Fe XVI 3s • ÷ 3p -P L/2-1/2 360.8

L/2-3/2 335.4
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Figure 111-3. Coronagraph spectrum of che solar Itnb in 0I-c wa3ve-
length region 6374A. (Courtesy, Sacramento Peak
Observatory).
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Figure 111-4. Curonagrzaph spectrum of tae solar limb in the wave-
ltongth region 53303A. (Couirtesy, Sacramento feak
Observatory).



PART TWO -- THEORY OF CORONAL RADIATION IN THE EXTREME

ULTRAVIOLET



CHAPTER IV

IONIZATION

A. The Coronal Approximation

The presence of a line spectrum from any source of radiation

offers a means of determining both the chemical composition within

the source and the physical conditions under which the lines are

formed. As a gas is heated, its atoms become ionized to a degree

which, in general, depends both on the temperature and density of

ithe gas, and the extent to which the gas departs from thermodynamic

equilibrium. Similarly, the ions become excited to a degree that

also varies with the same physical parameters. Since excitation of

a given ion presupposes that physical conditions necessary for the

ion's formation are present, we shall consider the problem of

ionization first, in this chapter, and treat excitation later, in

Chapter V. It is not immediately obvious that these two processes

may be decoupled; for example, ionization may occur from any state

of excitation of the parent: ion, and excitations may occur by

recombinations from the next higher stags, of ionization to an excited

level. For the present, I shall assume that the processes m!a be

decoupled, and later examine the effect,, of possible deviat ions

from this assumption.

Soon after the high temperature of the solar corona be-.ame

apparent, Biermann (1947), and Wool.ley and Allen (1948) realized
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that the dominant processes governing ionization equilibiruin in the

corona are ionization by electron-ion collisions and recombination

by ion-electron radiative capture. If q1,i+, and ai+i'i are

the respective rate coefficients for these two processes, and Ne,

N., and N i+l.represent the number densities of electrons and ions

of a given element in ionization stages i and i+l respectively,

then

N N i ,i+l e Ni+l ai+li

or

. i+l,__ (2)
Ni+1 qi, i+l

represents the equilibrium population ratio. Ln nearly all cases

the rate coefficients are functions of temperature only; therefore

such an ionization balance renders the ion population density inde-

pendent.

The validity of the form of (2) for computing ionization

equilibria is still recognized today, but computation of the rate

coefficients has been greatly refined. Early attempts to calculate

the collisional ionization rate employed the Born plane-wave

approximation (Biermann 1947, Niyamoto .1949). This approxima t !on

assumed that the electron energies are Jarge compared to the ion's

Coulomb field potential, and that the electron therefore ma' be

treated as a plane wave. This condition is poorly satLsfiec in the

corona where ionization is by thermal ceecLrons with energies close

to the threshold energy at least under non-flare conditions.
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More rigorous classical cross sections were computed by Woolley

and Allen (1948) and EIJwert (1952). Later thie cross sections were

recomputed quantumn-mechanically by Schwartz and Zirin (1959) and

Burgess (1960). The former computation used Coulomb waves ane

considered only the S angular momentum states, whereas Burgess

considered the general case for hydrogenic ions. T'he agreement

between the classical and quantum-mechanical computations with

Coulomb field is quite good.

More recent refinements in coronal ionization theory include

additional processes which affect the ionization in varying amounts.

We shall discuss each of these and its effects in turn.

B. Dielectronic Recombination

By the early 1960's a serious discrepancy between the ionization

temperatures computed from the coronal emission lines and the

temperatures computed from the lines' Doppler broadenings was evident.

A significant advance in removing this discrepancy was miade by

Burgess (1964, 1965a) and Burgess and Seaton (1964) with the proposal

that the recombining electron may also excite the capturing ion

and in so doing form a doubly excited state. This dielectronic

recombination process had been recognized for some time (Massey and

Bates 1942, Bates and Dalgarno 1962) but Burgess was the first to

show that for electron temperatures nearly equal to the excitation

energies, dielectronic t imbination can dominate the ordinary

radiative recombination by as much as one or two orders of magnitude.

Calculations of the ionization curves ol Fe made by Burgess and

Seaton (1964) show that the temperature of maximum abundance for each
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ion is approximately doubled, and that the ionization curves are

less sharply peaked than those of previous calculations (Seaton

1962, House 1964).

If the dielectronic recombination rate is included in a

of (2) then the recombination rate is density independent only in

the low density approximation. The reason for this is that ions

with extremely large quantum numbers may be formed in the dieluc-

tronic recapture process, and these ions may be destroyed by ionizing

collisions before they have time to radiate. The energy level at

which this effect occurs is called the thermal limit of the ion.

Work is now in progress by Burgess and otner investigators Lu

produce ionization curves that properly take into account LNU

density effects. For the present, we may easily compare thQ radia-

tive de-excitation and collisional ionization ratLs of ions of largt:

principal quantum number n, and find out: what sort of quantum

numbe-s may exist under coronal conditions.

Consider the classical value for Cfle LoLdl obCillatoC SLrekigL&I

vf an hydrogenic ion for all transitions from tne r, to Lu•• n'

snell. This is given by

1 1 11 (3fnn 1.96 x - -L I L

n- 12~I2 n a"

The EinstLei1L A-coefficients follow tu0mudii•L,, r ' . (j),

ana are 9 4
A = 8.05 x 10 Z

n 1
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The lifetime of state n against radiative decay is then

n-i 10 n-II _• l"58xi10 14 1 ' 5

1 : A 1.5 - (5)
ra (n) Annfl 3 2 2
rad n ' n2-n'2)

1 n =

Evaluation of (5) is straightforward if we replace tile summation

by an integration. For ii reasonably large, the assumption of

continuiLy of n' will make no significant difference. We nave

10 n-I
1__ 1.58x10 Z4 f dneS 3 1 n_

rad (n) n 1 n -n')

7.9 1 (1n-i)(n+)
10 5 L 2a-1 J

Equation (6) gives an analytic .:_prebentation of thu radiative

lifetime of thu n-shell of an hydrogenic ion. WU •:>U LIdaL, aaJdrL

5
from a slowly-varying logarithmic factor, T() = n ,and tie iona

of large quantum number become extremely long-lived if left undib-

turbed.

The destruction of these large iois ib cielucly uy co.lii.ional

ionization, whse rate coefficient is given by ijiurguebs dlu Seaton

1964)

! 'f• k, , xp(-libU.A/7)

qi = 2 10-6 (7

-- ----
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where r,. is the number of electrons in the outer shell, X is

the ionization potential in electron volts, and T is the electron

temperature. For an hydrogenic 'on, ri = 1. Furthermore, for

large values of n, the argument of the exponential is small and

tile exponential function approaches unity. e may further express

l' Elthe ionization potential from the nthi shell by

13 59 Z 2  
(8)

n

If we substitute (8) into (7) anu invoke the approximations

described above we obtain

q 2.72 x 10-7 Ti., 4 /Z4 (9)

From (9), we may obtain tile lifetime against co.llislonal

ionization of an ion in state n, which is simply,

I coll (n) =(Nie qn)- (10)

In addition to collisional ionization and radiative de-excitation.

we need to consider the .,'ssible effects of collisional excitations

and do-excitations in ei;tablishing the thermal limit of an ion. A

collisional excitation ,irll raise the energy Juvel, of the outer

electron to a higher Jeel which will a1most cerutainly be ionized;

a de-excitatlon will .lover the energy to a leve•i tilt may easily

decay by either radiation or a f:urther col[Lision. 'Iitay aduiti onal

tendency for, the ion to undergo further Lonizat ioni wI I1 thIL' be 1he

sum of all collisional excitation rates minus Lhe -.1Mtit l,' cil i-

sional de-excitation rates from state n. A cowparhoi,h ol Jti

4
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difference wLth tile direct collisional ionization raLe will show

whether or not we may safely ignore excitations and de-excitations by

collisions.

W• may assume rhat the collisional excitation rate is that

given by Van Regemorter (1962)

_ 1.7 x 10 3 n( 11605 - n (n)Cnn W nn T 2 fnnil

with the Gaunt [actor of order unity. If the energy of tLhe Cxci-

tation is small compared with the mean thermal energy of tile

exciting electrons, the value of the exponential wiLL be nearly

unity. Upon substituting hydrogenic values for the exciLation

energy, W ,, and the oscillator strength, fnn' into (11),, we find

that

-4 3 t5

2.5 x 10-4 n n

n, 2 T!2 (2 24 (12)nnZ2 ! n - n'")

The effect of collisional transitions will thLcn be given by

the summation of (12) over all n' > n minus tLim ;umMatLion over allt

IIn - 1. L[f we repLace the summations by intuvgrations we find that

S nnl • 2 .45 x 10-4 31 ll3n

•. r (it -. n

n1' =n+1

and siniflarLy, we may write for the de-exct iLtion,-
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n-i 2n-i i d'j)

n - n,1 2 .45 x 10-4 n -1 1 n 5 dn '

E Z n2 TT (n 2  , 2 )4 14)

n1=1 I1

The let effect of che collisional excitations and de-uLclations

is givev by the difference between (13) and (14). Evaluation of

the integrals gives

(n - Cn n, = 4.6 x i0- Z-2 T-• [n3 +&v ) (.5)
n+i 1 n

This expression may be compared dicectly with the co. Lifloaai

ionization rate given by (9). We find thac cnt: 1ifctiLe o0 thie

ion agoint coliisional transiLions, t'c .1s c r IW
0 I0 i

collisional iodLzations is

coil 0 - n 9 x =

Coll (n) / n-L

Thi.s ratio is considUerabiy greater than unity lor aii ci,7011-1

eonditIons•. Thuh the net effuct of bouad-u•,und colizoran - . ,

in estabiis•iiin• tilC ttiermal limit is ne •J~gih c..
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Table IV-1 shows some typical lifetimes in the range n=2 to

6, -31000, with Z=I, T=10 K and N =1 cm-. For the lowest energye

levels the exact quantum-mechanical values of the Einstein A's as

computed by Menzel and Peckeris (1935) are used. For n=l0, both

classical and quantum-mechanical expres.sions agree to within ten

percent; this agreement will improve as n increases.

The next step is to obtain an expression for the ratio of LtIh

radiative and collisional lifetimes. We may assume for any given

ion that the value of the principal quantum number that yields a

ratio equal to unity represents the hlighest state oL LxcI.Lation Lti.,t

can contribute to the dielectronic recowbination process. It is

possible to obtain an expression merely by taking tate rati, of (6)

and (10), but Decausu of the presence of the logaritnmic factor in

(6), aad the breakdown of the classica. assumptions for sr,,il1 n,

it seems better to obtain an empirical formula that wiLi mnaa,

computation easier. The justification for thi6 wili be appCentL L>

the near-linearity of the variation of i rad(n)/ coli(n) witi a

on a iogaritiilic Scale.

If we let Ro(n) = rad (n)/I Coll(n) aL N t ,' T

and Z = i, we find empirically that

log R (n) = 8.75 1o8 n - 14.03 (1/)

From (6) md (9) however, we see rhat the .at:l.. .,ki, I or a.ly

.% , lf, and Z ii

log R(n) = log R (n) - 8 l0g + l og T + og a,
0 I
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where T6 = r/io6 0 K. If we combine (17) and (18), set log R(n) =

0 to correspond to a ratio of unity, and solve for log n, we find

log ni = 1.60 + .913 log Z - .0571 log T6 - .114 log Ne (19)

We see at once that the temperature dependence is so weak

that we may eliminate the third term by assuming 'T'6 to he of

order unity. The dependence on N is weak also, but the electron

density can vary by several orders of magnitude in the corona.

Table IV-2 gives values of n under which an hydrogenic ion may be

considered stable against re-ionization, as a function of electron

density and effective ionic charge. Note that this charge is one

greater than the charge of the ion as a whole, and is numerically

equal to the Roman numeral designation of the ion in astrophysical

notation.

The numberu given in 'table IV-2 show that. collisional destruc-

tion ill the denser regions of the corona may occi'r for ions with

ni 40 for lower stages of coronal ionization. 'the thermal limit

rises L.) n 41 80 at densities of 107 and for ions in Lite higher

stages of ionization.

Table IV-3 lists values of Lthe correction factor, 0, by which

the dJeLectronic recombination coeffieleit must be multiplied to

correct for the thermal Limit, as a function ol the quantum number,

n0 , that corresponds to this limit. These v.Iuets are taken trom

Burgess (19b5c), and specifically refer only Lu (;, 11. SinlcU the

recomblnting electron may be assumed to be hydrogmiiic in Ihig. staLes

of vxcitation, Lhe valucs in Table IV-3 ihould aIso be indicative of
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other ions. This amounts to a significant reduction in tue overall

d r
recombination rate, but since the ratio ai+l,i/i+l,i may in some

cases be as large as 100 to 1000, the reduction is by a small

enough factor so that for most ions the primary means of recombining

will still be the dielectronic process. The effect of the destruc-

tion of the larger ions will definitely have to be evaluated before

we can justify the statement that coronal ionization is density

independent to a good approximation. In Section D we shall return

to this question after calculating the density-independent ioniza-

tion curves.

C. Two-Step Collisional Ionization

An investigation by Athay and Hyder (1963) considers Lhe

effect of an excitation by collision into an excited, metastable

state followed by a second ionizing collision. If the excited

level is not metastable, the probability of a radiative de-excitaLioni

is much iurger than that of a collisirna! de-excitation, and

essentially all the ions will be ionized directly from the ground

state. If the reverse is true, that is, if collisional du-oxcitation

is favore", then a detailed balance is set up between tte ground

and excited states, and a pseudo-Boltzmann population bL~wVen the

two staLes occurs. In this case the ion behaves essontiaJly JS LWO

separate ions with respect to further i3nization, with tile ground

and metastable states acting as the retpective ground -'tatt b. The

result is a lowering and broadening of the ioniZaLion curvw, with a

slight shift to lower temperatures.

!,t
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Athay and hyder applied this picture to iron using an electron

95density of 10 and a temperature of 8 x 105 °K. They found levels

metastable under these conditions in Fe XI, XII, XIII, XIV, and

XV, with excitation potentials of 138, 10 and 5.7, 26, 23, and 30

electron volts, respectively. Only Fe XI of these ions has a meta-

stable level whose energy is larger than 10% of the ionization

energy. In this particular ion, however, the energy ratio approachel

50%. Athay and Hyder then computed the relative abundances of the

ions at 6 x 105 0K and at 8 x 10 0K, and compared the abundances

with those computed from the one-level ions (without dieieccronic

recombination), and from the several-level ions in wnich all luvels

are considered metastable. This third computation represents a

limiting case only. Standard theory at the time of the investigation

gave an Fe X to Fe XIV abundance ratio of unity at 800,000 'K.

This is shiftea to about 750,000 'K and 650,000 'K fur thL two typeb

of computations carried out by Athay and hyder. If we regard tue

smaller shift as typical, we note Lne change in temperature is only

sligitly more than six percent. Since most coronal emission, even

in normal enhancements, comes from regions of di .siLy sumuwiiat
O9 -3

lower than 10 cm , this cl ýnge in temperature it probably clo,, L

an upper limit. The effects of a variation of coConal dti.bity' oi,

ionization theory through this mechanism are t.UIs uCta•i•a Lo be

small compared co observational uncertainties.

1). Autoionization via Doubly Uxcitvc States

Recent work by Goldberg, Dupree, and Aii,,n (1905), •iu Allen

and Dupree (1967) considers the pPU:.1Lility A.: "ln cieotro.-ion
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collision producing a doubly excited bound state of the ion with

one of the electrons subsequently yielding its excitation energy

to remove the other. The second part of this two-step process is

the inverse of dielectronic recombination.

In their earlier work, Goldberg, Dupree, and Allen calculate

the effect of collisional excitation to autoionizing levels for

the ions Fe XV and XVI; 0 IV, V, and VI, and show that the ratio

of the rate coefficient of autoionization to that of collisional

ionization is a strong function of temperature, and varies con-

siderably among the ions considered. The later work by Allen and

Dupree included computations of ionization equilibrium for the

ions of oxygen, neon, silicon, and iron. Among these four elements,

only Fe showed a significant change in the ionization equilibrium.

Curves of Fe XIV, XV, and XVI are narrowed as a result of the inclu-

sion of autoionization, whereas others, such as those of Fe IX anu

XVII are broadened. Temperature shifts to lower values, which

may be expected, are small when they .ccur, and lie between shifts

in the logarithm of 0.2 to 0.15 (a factor of from 0.96 to 0.71.).

The greatest shift in the maximum occurs for the ion Fe XVI. The

significance of the shift is somewhat questionable, however, b.LcCe

it reflects more a change in the skewness of the curve than a

change in its overall position along tie temperaturu axis.

In i. .imar'y, then, the statement (f Allen and Dupree hat

"the process of autoionization cannot be ignored in Ohe i 'nization

equilibrium of certain elements" is cL,:ainly true in gen.'ral. 1,or

many types of investigation of corona.. structure, however, incluuing
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the present one, the observations are simply not accurate or unam-

biguous enough as yet for this refinement to have any effect on

the conclusions.

E. Computation of Ionization Curves

Of the three additional processes recognized in the last

decade as Deing possibly significant in their effect upon coronal

ionization, that of dielectronic recombination produces by far

the largest change in the picture. In addition, it is the only

one of the three whose rate coefficient has been put in a gimple

enough form for a relatively fast computation for large numbers

of elements in various stages of ionization. We tnerefore include

in tne computations which follow only the following processus:

(1) direct collisional ionization, (2) radiative recombination,

and (3) dielectronic recombination. The neglect of two-sLep col-

lisional ionization, autoionization, and the effect of the thermal

limit on dielectronic recombination cannot affect the total ioni-

zation rate coefficient by more than a factor of two a- most, and

in many cases these effects are nonexistent or negligible. The

effects on the resulting equilibrium will be small and of the

following nature: (a) a slight lowering of the tenipuraturus of t1L%

ionization curves, and (b) the introduction of a small degree of

sensitivity of the ionization to electron densiLy.

The quantum-mechanical expression approxinatLing Lh! c, Ilisional

ionization rate coefficient is given 6> eq. (7). Tite rate coeu-

ficient for ordinary radiative recomiination ih given by ,lurgus!

and Seaton (1964) as
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r 13x1-9 , i+l X½Si+li x 0 (20)

in the hydrogenic approximation, where Z i+ is the charge on

the recombining ion.

In his earlier papers, Burgess (19b4, 1965a) derives an expres-

sion for the dielectronic recombination rate coefficient for the

individual doubly excited states. We may denote the initial state

of the recombining ion as j, and the doubly excited state of the

product ion as (j',n£), where j' is the quantum state of the

excited core and (n,k) the quantum numbers of the outer electron.

From the doubly excited state, the ion may auto-ionize with a

transition j -• k in the core furnishing energy to the outer

electron causing it to undergo the transition to the continuum

nZ ->. E'. The transition probability for this reaction (tihu Auger

process) is given by A (j', nk -> k, EV'). 0- .ne other hand, thu

inner core may de-excite radiatively to quantum state k, ana .o',v'

the ion in a bound state. We denote this radiative transition

probability by A (j', nk - k, n2'). For a band of incident ;IUL-

trons of energy E and energy interval dL, Burgess gives ti,u

following expression for the mono-energetic dielectronic. coominaiol,

coefficient:

L
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d 3 dN
a d (j'nk) - 1 e g(n 'ne)
i+1,' 2•v N dE g(j)

A (j'U9 z jEV) I Ar(,nZ ÷+ k,nZ)
a k (21r

x (l

. Ar (jn - k,ni) + A a(J',nZ -4 k,I4')
k r'

where the g's are statistical weights. The summatjion oVýe '

gives the total probability of the occurrencu of an auLoionization

following the recapture, and the summat-ua ovur k rulprebunts

a sum over all possible means of de-excitation of the coru of the

doubly-excited ion. burgess points Out that earlier assumptions

that autoionization is far more likely than radiative decay are

valid only in the low temperature (E/kT >> 1) approximation. In

the corona this condition certainly is not present.

As it stands, Equation (21) is too cumbersome to be of much

use for a general computation, and. iL demands a knowledge of transi-

tion probabilities which are poorly known. A more tractablu expreb-

Sion with an accuracy of at least 10% is given also iy iiurgesi

ý1965b) , for a Miaxwellian distribution Of elcetron unergivs. 1.t i b

n" ab follows:

0I 3 x 10-3 T-3/2 b(Zi) f(j'j)A(x) /kT (22)I1

for the recombining ion initially in ,tite j. Also,

1A(x) + )1' + .105, .015x 2
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B(Z Z/2( 1) 5/2 .4)-1/2 (24)

B(Zi) .i(Z. + 1) (Z. + 13.4)4

111 11

x (zi + 1) 2 (25)
v V

9 , -i i

".158(zi + 1)2(T/10 6 -_

E/kT V (26)

1 + .015 Z.3 (Zi + 1)-2

The quantities v., vj, represent the vffective principal

quantum numbers of the initial state j and the excited state j'

Equation (22) still suffers from tne necessity of deteririning

accurate oscillator strengths for the excitations of thu "ilowud

doubly excited states. We can make a somewhat futner simpIficLa;c•

by invoking the foilowing three assumptions:

(1) Tre recombining ion is in the ground stadt. Tn. s impi.ous
d

that eq. (22) will represent completely o.ili it j rri)rt-scito

the ground state.

(2) The expression for A(x) is a siowiy vwryiag Cu;-cLILtn o1

thu degree of excitation of the ion over most of Ute iXp•=unt
) )

tran.sitions. Under assumption (L), i/v'* = I/V, , , L il , Uk

level of excitation of the recomuining ion iacrvatv.,., I/V-, rapdiy

approaches zero. In general, the f-valu b dc-euz-, Lor th,. -orv

i'ihi~hly excited lvels, and the resonance traa .. Lur,,•-, Li1v

largest single cntrirjution to LICe sai..ion (.t(o2), althu.gh not,
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final word of warning, however, it should be noted that at present

there exists no set of computations that includes dielectronic

recombination and also includes simultaneously the effects of two-

step collisional ionization, collisional excitation plus auto-

i oniZaLtion, and the effect of the thermal limit. Although these

last three effects may be small. individually, they will teLnd to act

tcgether in reducing the ionization temperatures raLher Ulan cancVe

one another out, and their combined effect may well be appruciablc.

It is doubtful Lhat any future refinements will revuluLionizu the

slate of the theory to the extent that i•argess' inclusion of diekiu-

tronic recombination hias done. The present tread appears to bu

leading to slightly lower temperatures which, however, are ,tiil

significantly higher than those of the pre-Bur8,us era.

-
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field. This approximation is most accurate when ,the stage of

ionization is relatively high and. the outer electron sheil, of the

ion is nearly empty.

Assumption (2) will lead to an overestimate of the value .of
d -

ki d due primarily to.an oveiestimate of E/kT in eq. (26)

through the factor (vj - v.)D, which Js set equal to V 1-* A

replacement of v1 by n, as indicated in assumption (3) will,

on the other hand, tend 'to decrease T'/kT, since in all cases

n > vI. Since the magnitude of the rate coefficient in the case

of coronal ions-will be affected by only a few percent either way,

the combined errors will tend. to cancel.

As a result of these three assumptions we can finally write

eq. (22) as follows:

z ioz7 1/2 5/( + + 5/
d 3 1 0 -3 ( Z.l" - +1( 1

'i+l,i T3/2 2 + 13.4)1/2" i+
TV (Z. + 13.4)l

(28)

•158(Z. + 1)2 (T/-3. 6 )

x &p 2 3 2
n 12l + .015 Z. (Z. + l)

3 -i
-cm sec

We can now compute the ionization (urves of Lhe variou, ulumer•ts

from eqs. (7), (20), and (28) substituted into eq. (2), witi

a r + a = (Ii4-,i . iThe results )f che coipum tions fur Xi,

the relative abundance of each ion wiLt Cesppct Lo tLhe toter abun-

dance of its parent element, are shown Ln F-Jieres IV-.ý Luir~kigii IV-IU

->-.



' -for, the el4ements 0,NN,;,ASi-, S, Ca, Ai, and Ni, in the
urpeý.tu rue fro&2 i 10. -toý 10' Oki

a, Th-iiost ob¶49uis feature of the set of curves in Figures IV-l

- truhI -lOis the fact that the 'curves vary greatly in bothJ

-,With"And- ieight, and that inI gene'ral the broader the curve, the

",highert it-isi. Thew st~iobi o the ,breadth. of the. curves obv iously

cenersaroun t e6 qusiow of-how much energy is necessary to4destroy the ions relative to the amount necessary to produce them. -

The broadest curves, thdiý Of the He and Ne isoelectronic sequences,

represent ions that are formed by relatively luw-energy collisions,

but destroyed only by collisions of much higher energy. This is

the result of the extremie stability of the closed electron shells,

and results in a high degree of stability of such ions over a large

temperature rang.!. T~he fact that their curves are also higL~er is

5iMply the result of the fact that at their peaks, their neighboring

ions are either largely destroyed or unformed.

a lBecause the lie and Ne-type ions require energies for cxcitaLionl

that are a substantial fraction of their ionizacion energies, no

significant emission from these ions is observed. They do make

their presence felt in a secondary way, howcevur. Tihe St~albil!ty (A

these ions insures a large reservoir of ions which may recombine Lo

formi Li and Na-type ions, and we note that the ionizatioai curves

for these ions are also considerably bro~idened. These ions ire

relatively easy to excite, and the broad-!nin6 of ctme-r A.4i 1tL.101

curves contributes significantL'y to tht-i- strolig emission.

- - ~ t~tv. .--. A
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SF. Evaluation

zVigures IV-11 to IV-13 show an enlargement of the ionization

curves of Si XII, Fe XIV, and Fe XVI from the present investigation,

indicated by alternate dot-dash curves. The solid curves show the

corresponding curves of Allen aad Dupree (1967) for the same ions,

and include the effects of collisional excitation to autoionizing

levels. Where these effects are appreciable, as with the Fe ions,

the dashed curve shows the Allen and Dupree calculations with the

autoionization through collisions omitted. Also shown are ionization

* curves recently computed by Jordan (1967) both excluding and

including the effect of destruction of ions whose exciLation energies

lie above the thermal limit.

It is evident that the changes in the ionization curves that

result from ther'e refinements are not large. The high-temperature

approximation which I used in the present computations likewise

seems to have no effect large enough to be significant, in view

of the limited accuracy of the observations that are to be inter-

preted through coronal ionization Lheory.

As it stands, then, coronal ionization t•heory appears to be

in a pretty strong position generally, althuugh numerous re,_&ne-

ments ire still pos;ibie and desirable. The present computations

were carried out in the year 1966 withi the goal of obtaining a

reasonably good representation of the ionizat ion feaiures of a largv

number of ions with a minimum of input data. Tihe subsequeit culipu-

Laition-s wci(kh include the refinemeats ,mentionu.,d above Ibear ouL thOe

i , Jtdj'v ,,f viy ',eaerati ftormulation as a fir r-;t ,jpl)rcxination. As ,a
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final word of warning, however, it should be noted that at present

there exists no set of computations that includes dielectronic

recombination and also includes simultaneously the effects of two-

step collisional ionization, collisional excitation plus auto-

ionization, and the effect of the thermal limit. Although these

.last three effects may be small individually, they will tend to act

tcgether in reducing the ionization temperatures rather than cancel

one another out, and their combined effect may well be appreciable.

It is doubtful that any future refinements will revolutionize the

state of the theory to the extent that Burgess' inclusion of dieiec-

tronic vecombination has done. The present trend appears to be

leading to slightly lower temperatures which, however, are still

significantly higher than those of the pre-Burgess era.
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Table IV-i

Lifetimes of ions of principal quantum number n with T 106 K,

Z I, N i 1.

Radiative Classical Collisionai

Menzel & Peckeris
(Quantum mechanical)

-rT(2) 2.14 x lo" 2.30 x 102

T(3) 1.01 x 10-8 4. 54 x 10
S : 4.54 x 10

T(4) 3.33 x 10"8

' T(5) 8.71 x 10"8

T (6) 1.94 x 10-7

"T(l0) 1.92 x 10-6 2.09 x 10-6 3.68 10i1

T(14) 8.97 x 10-6

,(30) 3.25 x 10-4 4.54 J0-3
""(100) 9.65 x 10-2 3.68 x l0"•

1(300) 1.90 x 10 4.54 x 10-7

T(1o000) 6 .31 x 10 3.8 x 10-9

I
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Table IV-2

Values of the tiiermal limit, a .6o r T 6 For T =.5 1 6

multiply by 1.04. For T 5 x 10 6, multiply by .913.

Log Ne.Z lo5 6 7 8 9 10

6 55 42 32 25 20 15

7 63 49 37 29 22 17

C. 8 70 55 43 32 25 19

9 79 62 47 36 28 21

10 87 68 51 40 31 23

11 95 74 56 44 34 25

12 105 79 62 47 36 28

13 117 91 69 54 42 32

14 123 96 72 56 44 3j

15 126 98 74 58 45 34

16 135 105 79 62 48 36

17 141 110 83 65 50 "38

18 151 118 89 69 54

4,
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Table IV-3

The reduction D in the dielectronic recombinafion coefficient

as a function of the principal quantum number of the thermal- limit,

no.

n
0

200- .91

100 .62

60 .43

20 .15

10 .06

8 .04

6 .02
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Re'I

4

Fi-Surei !V-i t6 IV-0o.

IlrnizAtiOh curves of somne of the more comimon elemenLs. The quantity -

X refers to the fraction of the atoms of the element in question

in the state of ionization represented by the curve. Although Arabic

numerals are used for improved readability, the numbers represent

astrophysical rather than spectroscopic notation. For example,

curve 14 in the Fe graph represents Fe XIV, not Fe+ 4
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Figures IV-1i to IV-13.

Ionization curves of Si XII, Fe XIV, and Fe XVI respectivwly, tron,
the present calculations, and from calculations by Jordan (1967),
and Allen and Dupree (1967).
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CHAPTER V

EMISSION LINES IN THE EXTREME ULTRAVIOLET

A. General Remarks

Since the emission lines in the extreme ultraviolet arise from

permitted trausitions, the very low coronal densities imply that

the chance of an ion suffering a collision with an electron while

in an excited state is very small. Thus every ion in a -ermitted

(non-metastable) excited state will have time to radiate. The

problem of predicting how an opticall. thin sample of the coronal

gas will radiate in a given line thus reduces to one of calculating

the rate of population of the upper level of the line, if %e assume

that the composition and state of the gas are known.

Once a nhoton is created, we must consider the possibility of

its being absorbed and re-radiated i.u a different direction. This

process, called resonance scattering, results in no ne. los0 of

energy in the radiation field. However, a sufficient number of

sc- terings before the photon leaves thL corona may result in one

of the absorbing ions being de-excited by a collibion witii an electron.

The photon is then destroyed, and its energy is returned t, the

thenzral energy jeservoir of the gas. Tais will happen und4 r coronal

conditions if optical depths approach a vaiuL of IJ4 (Ivun( v-KhoIodnyI

and Nikolskii 1i461). This situation n,. ier occurs in ho vi rona.
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Therefore, optical dipth considarations become unnecessary if one

merely wishes to consider the total amount of emission from the

entire solar disk. A study of the resolved solar disk in the EUV

lines, hewever, requires knowledge of whether the optical depth in

the lines is less than or greater than unity, since even if all

radiation may ultimately excape, appreciable scattering destroys

information of where the photons originated,

The absorption coefficient per ion it the center of a line

is given by

- re2 1.

a f (1)0o m c Av

and if we assume that the line broadening is purely thermal this

becomes

c° - 9.03 x 015 t (T)½ (2)

(A in Angstroms, U in atomic mass units)

Here f is the absorption oscillator strength of the line, ana

i is the atomic weight. In the case of the Fe XVI line at 335A,

the strongest line used in the preFent investigation for study of

the structure of coronal featu.es, a 2.9 x 10- 15. An ion dens,,Ly
4 -39

of about 5 x 104 cm , and a path length of 5 x 109 cm, whiich are

close to the maximum values encountered later, give an optical depth

of about 0.'. Thus some scattering may o~cur in toe denser r gions

in the strongest lines, but the effect shculd not seriously otscure

the feature, and we are justified in treating it as oeing opt:caily

thin.
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11. !AxCitaL ion Me -hanisms

In ptinciple a coronal ion may be excited by two mechanisms

if we assume an optically thin gas. The ion may suffer a collision

by an electron resulting in an excitation, or the excited ion may

be formed by a recombination from the next higher stage of ionization

plus a cascade to the excited state of interest. The rate coeffi-

cient of the former process can be represented reasonably well by

an expression derived by Van Regemorter (1962)

1.7 x 10-3 -y

'4ij T ' fa j

(3)

11605Wij
y =

T

where f is the oscillator strength of the transition i J,

W is the excitation potential in elect:on volts, and P is a

Gaunt factor averaged over a Maxwellian electron-velocity distri-

bution. It is possible (Pottasch 1964, Jordan 1966b) that the

expression for P as given by Van Regemorter may be low by a factor

of 1.5 to 2. Typical values are of order unity.

We may easily estimate the relative importanct, ot radiat iwiv

recombination plus cascade as compared with collisiOnal VXcitaticy

In populating the upper level of a resonance line. 1hu collisional

ionization rate, NeN i qiiI must, in secular oquilibrlum, cqual the

tot
recombination rate NeNi+l~i+li. We wisti to compare the latter

with the colllsional excitation rate, NCNi C1.. 1,vc'aus' tgre colli-

Ssional lunization rate coefiicient is s;imiflar in it ,; riuathQ, mical
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form to, 'the rate coeff icient f or coiltsional excitation, and since,

the ratio ,of excitation and ionization rates is inftppndent of Nee

and 14i, it is -cc venient to use NeN + in 'pNcae of
S#'tot

NeN iCii~j as a measure of the recombination rAte-. 'This will

serve as an, upper limit to -the' rate of population of an upper Level

of a, linfe by cascade-. If, for- the momentAw:e coasi'der all exci-

tations as arising from the ground state, and assume that P, •,

and. f are all of order unity, then division of (3) by IV-(7)

gives the following result for the ratio of the rates of the two-

processes:

C 2

=T8.5 x 10 4'---- exp (-11605(W1. - Xi, +1 )/T), (4)qi, i+l W1iJ Tj i~

In the extreme ultraviolet spectrum, ftoni 171A to about 7OA

•he corresponding excitation energies range frum 17.7 to 72.6

electron volts. RThe ionization potentials of the ions giving rise

to ;,he lines range from 208 to 523, aV. Let us consider the possi-

bil'.ty of making the ratio in eq. (4) as small as possible, in order

to favor k'ecombination as a means of populatipg an excited level. We

may take in the exponent X small, W lafge, and T large; and in

the rest of the expression X small, W largej, and T small.

(This last assumption on T contradicts the first) buLt. this can

'only strengthen the argqment). Subsdt..,tion yieldls. C/q : 5-, with

the ex•ijnentia] ,near un-r.ty. The actual r.itios will be a go(it 4eC1

larger than this sirkce our assumptions are to, i 1.arge -ea|.t -nt. evcIAPt

sive of one anothkr.r Thus we may neglecL any H.5nsideratioit of
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xiiecombination- as-a mechanism contributing to resonance line emission.

A furfher, justif-iatio-n for this is seen from the fact that al1

-direct excitations result in an emission of a :photon 'of the line

in question, but- only-a part of the total recombination considered

in. the aboheargument will cascade via any given line.

'There remains the ,question of wthether or .not excitat-ionz-of a

'resonance line may: occur by a collision to a higher stare plus a

* cascade. -From eq. IV-(3),, it is evident that the osc'ilator

strength, fnn, for' an hydrdgenic ion varies approximately as n,'

for fixed n. Although oscillator strengths of many transitions

are poorly known, as an order-of-magnitude estimate this statement

is valid a.4pq T.hi many-electron -onfigurations. The collisional

excit.it6n rates;i *herefore may be expected to decrease with increas-

ing energy due to th.e decrease in f-ývalue~s, and also the decr:ease

in the quantity exp(-ll6O5Wi /T)Wi . From these semi-quantitative

arguments we conclude that direct excitation is considerably more

important in populating the upper level of a resonance line than is

indirect excitation plus cascade. The fact that very few lines

which do not connect with the ground texm are observed (Widing 1966)

gives, Observational support to the assumption that d4irect excitation

is the dominant process.

C. Emissivity of the Coronal Gas

The rate coefficient of population o! a permitted excited level

by direct collisional excitation is given by Eq. (3). If we assume

that this is the dominant process, and that all ions so excited will
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radiate agphoton of energy by, then the emissivity of the gas in

that particular line is

E - cl Nio 1 'N' w erg cm sec-1 (5)

If welet A NINe, e N the relative concentration' of the

element with-respect to, hydrogen-, and Xn - the fraction of the
i:6n

element in the stage of ionization giving rise to the line, then

for a hydrogen density equal to 0.8 times the electron'detusity, (5)

becomes

2
E 0.8 X A C N hv~ion el ii, ~e (

-15 2
in,2.2' x 1015 N T- X. A, f P(y)e-ye ion ek lj

-3 -1!erg cm sec

Both the emissivity and ionization curves clearly show a
feature which can in principle severely compl"cate any- analysis

of coronal structure from a study of line emission. The ions

with closed shells, because of the large difference between the

energies needed to create and destroy them can exist over an

extremely large temperature range. Although they are difficult

to excite, and by themselves emit almost no observable lines in -the

SEUV wavelengths, they provide a tremendcus r'servoir of ions from

which neighboring' stages of ionization n:ay be formed. Thus the

lithium-type and sodium-type ions experience a much slower decrease

in their abundances with increasing tewl:eratures than would otherwisc

be the case. Good examples of this car be seen for Si XII ana Fe XVT.
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In the case of Fe XV, the effect is still present even two stages

of ionization removed from a clesed shell.

As a result of this ,state of affairs,, significant emission

in, a line can occur at temperaturest far removed, from the temperature,

of maximum abundance. As an, example, &onsider ýSi XII whiich maximize.;

at 2 x 106 0K. -At 8 x 106 6K its emissivity hae dropped to 0.1 of

its, maximum. Thus, if one considers a non-homogeneous gas in wnich

density correlates positively with temperature, an increase in
1.

density by only a factor of 10'2 Will completely compensate for the

temperature ingrease, and a larger rate of increase of density with

temperature will shift the temperatures of maximum emission quite

rapidly toward larger values, and greatly increase the range of

temperatures at which significant emission occurs. The conclusioni

is that a strong tendency for high temperatures to be associated

with lhigh densities in the coronal material would result in a

strengthening pf the lines from the lithium- and soaium-liku ions,

as compared with other ions whose temperatures of maximum abundance

are 'the same. This effect should be most noticeable in the hot,

dense regions of an enhancement.

D. Extension to Multiplets

The precediag discussion applies directly to transitio1.s which

arise from an uniplit ground term. If the ground Lerirm is sI lit,

two modificationi must be made in the argument. FirsL, the: argument

in favor of treating the gas as if it wLre opticaliy thin i- no

longer strictly appropriate since an excitatLion oy a photon f[ril one

level of the ground term may result ii iadL"L-on to a dift,-Cent l cvci,
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Thbe second alteration produced by the split ground-term is

that we are now forced to make an assumptidi'ncbncer.nI!g the relative

populations of the levels within the term in- order to predict the

line intensities. The, simplest assumption would be that the density

is sufficient to populate the levels ir. equilibrium with the kinetic

temperature. This is more likely to be true in the dense ennance-

ments than in the quiet corona. Since the term splitting is much

less than kT, we may write for a given level i

8i
Ni g gterm 

)
where Ni is the relative population of the level in question.

From eq (3), the rate of excitation from level i to level

by collision is proportional to the oscillator strength fi " The

rate of population of any' given upper level j by all the lower

levels i will be proportional to

Sfij g.
ij 2.

gterm •<j .1

and the rate of depopulation, once the excitatiun ,l:wi oecct~ ud wilJ

be proport -nal to

. .... _. (9)
Aj'i g

j i<j j

I1 we multiply expression (8) by (") anl Mak1%' U.& Of L IC fact.

that the f-vaiae times the statistical wie.Ltit for it linu e, thu sante
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for emission and absorption, we obtain an expression that replaces

flj in eq. (6). Thus

f (lO),
feff,jk gtem(0

The intensity of each line is 'therefore reduced in proportion

to the relative population of its lower level compared' to the

entire population of the lower term.

It must he remembered that eq. (i0' is definitely a limiting

case in the sense described above, and is also hn approximation

in that •the summation I fg in (8) only tepresents- an approximate

expression of the collision rates, wherdis the same summation in

(9) is exact, if the lines in the multiplet are close in wavelength.

The result of a strong underpepulation of the upper levels of the

ground term would be a marked reduction in the strengths of lines

whose upper levels cannot be populated by collisions from thle ground

level, relative to the total multiplht strength.

The preceding discussion does not consider the possibility Qý

excitation of a forbidden level since the ekcitat~ion cross sections

are very poorly known. Recent work by Bely (19b6a, 1966b) shows

that these are in some cases quite large and may give rise to strong

non-resonance line emission.

Ii
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CATER VI

EMISSION WITHIN THlE "LIMB ENHANCFIENT

AS A FUNCTION OF TEMPERATURE

A. General Renmrks -- Mathematical Difficulties

The emissivity of the coronal gas as given by eq. V-(6ý\ may

be integrated over a line of sight to give the surface brightness

of the feature in question'. If the emissivity, E, is taken as a

function of position, x, along, the line of sight, then the

-2 -1brightness, I, in erg cm sec radiated in'all directions is given

by

I E (x) dx (1)

Substitution of V-(6) into (1) gives a general expression for

I in terms of, the ionization and excitation conditions of the gas:

I = 2.2 x 10-15 Ae f ff f P(y)e-Y XN -(T)T- c X2 ax (2)

Eq. (2), althoug- exact insofar as the excitation rates of

the emitting ions are .nown, is not in a particularly useful form

for interpreting the ol-served brightness of a feature in various

Lines. We therefore proceed to transform the "ntegral over path

. ength into an integral over temperature, in a manner similar to



107

what At.a (.196) has ,done. 'Let us make the following substitutions

in eq. (2):

• • ~ ~~G(T) -=P(y)e-y Xin1( 2 T- 3

Xion(3

•/ dx
dx = dXlog T d Ing T (4)

and we find,, upon substituting (3) and (4)' into (2):

-15 2 dx

2.2 x -15 f G(T) N d log T (5)
I .x0 Aet feff 2 dxlge d"log T

The quantity (dx/d log T) as a function of position may pass

through maoy singular points along the line of sight as local

maxima and minima of temperature are traversed. In temperature

space, however, (dx/d log T) is no longer interpreted as an inverse

logarithmic tnmperature gradient, but rather corresponds physically

to the tutal increment of path length, dx, along the line of sight,I
per unit increment in log T as a function of temperature. Since

log T is the independent variable, (dx/d log T) -•- implies that

dx - c. This is ruled out by the geometric limitations of the

problem.

The rather inelegant use of a common logarithm as a variable

of integration in eq. (5) will perhapt be justified by it. -opnveni-

ence as a physical quantity. We make two further definit.ons in

the following analysis for the purpost of simplifying our notation:

0 = log T (T in 0 K) (6)
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(0) N 2 dx N2 dX (7)
e dlog T e dO

In writing eq. (7), we have tacitly assumed that we can express

*= as .a point function of temperature. In a very simple structure

this may be obviously true, but in a complex structure with many

streamers representing strong density and temperature fluctuations,

eq. :(7) must be more carefully k.efined.

Consider as an example a case in which T is a monotone func-

tion of the position along the line of sight, x. Then we may

2
easily-write N m N (T) and x - x(T), and the interpretation

e e

of (7) remains completely unambiguous. If, however, ýgiven values of

T are encountered many times along the line of sight, then N2

S~e
and x will not be single-valued functions of T. The definition

of ý(0) will then be arrived at in the following manner.

We may divide the line of sight up into intervals, i,, within

each of which the condition of single-valuedness described above is

satisfied. The ,boundaries of the intervals are specified by the

following consideration A boundary will occur whenever the

temperature reaches a local extremum. Both position and density

will then be single valued functions of temperature within each

interval. Next, consider a temperature, T. Our method of sub-

dividing the line of sight assures us that within each interval,

i, the value of T, and the corresponding value of 0 may be

realized either once or not at all. Each time T occurs, it will

have associated with it a value of (Ni2  and a wlue of (dxido)
e n a aueo (xdu 1

for the particular interval, i. We then (leflne +() in the

following fashion:
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,(o) t ,(N.)., .Ydo 1 (8)
i

When defined in this 'manner., the quantity '(O0) has t e

followiýng physical interpretation.' Any set of lines, j, whose

emission- characteristics differ only in the 'temperatures,- 0i,

at which the lines occur, and whose emissivity -curves' appioximwite

a 6 -function •about these temperatures, will have re'lative br'ight-

'nesses of I Tg(o). The absolute value-of the derivative in (8)

assures us that the net effect of increasing and,-decreasing -temperat

ture gradients along the line of light will be cumulative.

Having thus, defined ,(O) in a: suiitable fashion, we 'may

rewrite (5) in the following manner for a line denoted by J:

1 2.2 x 10-15 A- feff,j f G j (o) ý(o) do (9)

and define an average value of 4 in the following manner:

G1 (0) 4() dO 40
< ~j G% (0) do

Thus far, the development has consisted only of physical state-

ments and mathematical definitions, with no description of how

observed values of I for the various lines may be used to obtain

empirically the structural function, .)(0). Although ý(O) is well

defined, its interpreeation in terms -of the obse.',ved brightnesses

of the lines made use of highly idealized assumptions concerning
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"_t he e-, ion properties of the lines. In pradtice, the emissivity
. .- -- are no sufcient-y-narrowY-to be considered 6-functions,

"and: alsoexhibit a Significant variety of shapes as- wel as magni-t

tudWS. We can, however,- -define a quahtity, (<•> e in
J-, dieas.'

tens -of -he -measured: brightness of line J, I ,a as follows:

j ,meas.

-- 0 - < 4) -,meas. -" -1.5 f - . ( - dO2- .2.2 x 10 Ae £ f Ge()- dO

-We-m-ay then compute <,>. e for each line for -which

-reliable photometric ieasurements of I. ea are obtainable,

andlot these values of <>j, meas. against 0. The assignment

df •a value of 0 is somewhat arbitrary; we shall deftne 0, as

Lfne centroid of, the function G i(0). After evaluating the uncer-

tainties inthe abundances of the elements, A e, in the next

section, we shall calculate values of <•> from the observed
jmeas.

lines,, afid discuss how accurately a plot of the points (uJ,

'<0j, meas. ). would be expected to represent the function y(f)).

B. Relative Abundances

In addition to the manner in which emission of a given ion

varies with temperature, knowledge of the relative abundance of the

parent element, Ae£, and the effective f-value of the line in

question is necessary before we can infer the amount of radiating

material within an enhancement from its orightness profile. The

f-values of most of the important E1JV tr3nsitions ate now rcasonably

well known and are tabulated by Pottasch (1967) in his most riecent

determination of element abundances r•om cuviial EUV lines.
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The question- of eleiment abundances, raises more serious uncer-

tainties, particularly since there exist Unexplained discrepancies

between measurements• of photospheric anddcoronal abundances. The

,latter have been cAlculated by P6ttasch' in his several papers,

using anwequation similar to (2), with .the temperature-dependent

factors taken outside the integral and zplaced by the following

average:

<G(T)> 0.7 P(y)e- Xi. (T) T ITT (12)
max

and therefore

AZ f dx - 15 (13)
A R Ne1. 1 x '10 <C(T)> f

ef f

The right-hand side of (13) is completely determined from

theory and from observations. Note the difference of a factor of

two between (13) and '(2). This difference arises from the fact

that Pottasch consilders the emission from the total sum emitteu in

all directions, of which half is radiated •t6wira the photosphere and

is never observed.

Pottasch assumes that the quantity I N2 dx1 , where R is tnre
R

region ove: which the line in question effectively, emits, itL a

function of temperature only. lie then ,:onsiders Lhe cjuant.i :ies Aey,

which represent the elemental abundance:;, as unknown paraneteers

2which may be adjusted such that a plot )f I N dx versu•i temperature
e

from all available lines shows a minin., ,, dmount of scatter. The

resulting ,abundances, shown in Table VI-I shuw the most re(ent values
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of P.ottasch (1967) as compared with the photospheric abundances

of Goldberg, MUller, and Aller (1960). Both sets of abundandes

are expressed withr tk, it of silicon set at 100 as a standard. On

the basis of a comPaf'ýison of the radio solar emission with .that of

-4the emission, lines, Pottasch,4had concluded that ASi ; 1o74

Pottasch's most recent analysis (1967.) employs data from both

photoelectric and. photographic observations of the solar disk as

a 'whole (Hintaregger, Hall, and Schweizer 1964; Austin,, Pur,;efl,

Tousey, and Widing 1966; Blake, Chubb, Friedman, and Unzicker 1965;

Hall, Schweizer, and Hinteregger 1965; and Hall, Schweizer, Heroux,

and 1linteregger 1965). These data are undoubtedly more accurateU than the values of the surface brightness I measured photometrically

from the spectrohelio&tams, which are given in Table VI-2. Because

of this, I felt it most prudent to make no initial assumptions

regarding the abundances, or to attempt to re-derive them, but rather

to investigate how the assumption of each set of abundances in

turn will affect the conclusions rega.ding the structure of the

enhancements, and to evaluate each set on the basis of self-

consistency of the results.

C. Computations of ý(O)

lable VI-2 lists the values of the maximum brightnes-e; of

Feature, 3 and 4 a% measured photometrically from tie spectrohelio-

grams in the various lines. The absencc of a. measurer£nL uJ the

Fe, XIV 265A line in Feature 4 is due to overlapping witi& tho lie II

r 304A- disk image. The emission from .e XV at 284A also overoaps the
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lid 11 304A disk, but the 'line is strong\ enough to yield& a reliable

measurement of its maximum brightniess in spite of the high back-

&,round.

The Ni XVIII lines are conspicuous by their ab3ence. Since

we observe strong emission from the lines of Fe XVI at 335A and

361A, we should also expect to see emission from Ni XVIII fairly.

easilvy at 322A, unless a rapid decrease-in p(0) occur~s somewhere

betwee}n 0e tdinpetatures characteristic of the two ions. The

stronger Ni XVIII line at 293A overlaps the He II disk. .Observations

of some of the fainter lines in this wavelength region, whose inten-

sities could not be determined reliably but could be estimated

theoretically, indicate that we may place an upper limit of I for

Ni XVIII 322A at around 4 x 10 erg cm - sec , or about 0.01 that

of its durresponding liqe of Fe XVI at 361A.

Examination of Table VI-2 shows that there is very little

difference between the brightnesses of Features 3 and 4 in the various

lines as compared with the differences in the brightnesses among

the lines themselves. The one exception to this is the 465A line

of Ne VII which shows up much more strongly from Feature 3 than

from Feature 4. The spectroheliograph picture of the Ne V1I line

shows at t||e position of Feature 3 a small, well-defined bright spot

on the disk ýihat has no counterpart in Feature 4. The corohal

emission, on the other hand, appears to be very similar for the two

features, and' is measureable quite unambiguously from Feature 4 in

all given lWnes. I shall therefore consider only Feature 4 for a

structural analysis. To be sure, the marked limb brightening of
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the sun in Ne VII must be subtracted from the photometric traces

6f Feature 4, but the 121mb appears distinctly enough• in the tracings

t'hat no 'ambiguity arises;

Figures VI-l and VI-2 show the p6int's (0., <4>j.meas.) calcu-

lated from. the values of I listad in Table VI-2, a graphicalS~j, mdas.

integration of the G (0), for the relative abundances of .Goldberg

et. al. (1960) and• Pottasch (1967) respectively. The f-values -are

the same as used by 'Pottasch (1967) in his most recent analysis of

coronal element abundances, and represent a-compilation of the work

of several' authors. The error bars included represent an estimate

of the combired uncertainties of excitation and ionization theory,

f-values, and errors arising from uncertainties in the photometry.

In the case of Ni XVIII, since the line at 322A is not actually

observed, the points plotted represent an upper limit. Altaough

Goldberg et. al. (1960) give no abundance results for neon, the

value obtained by Pottasch (1967) is consistent in general witbi

values bbtained by other investigators, and& no serious uncertai,,cy

in the neon abundance is evident at present. Thereforei I includu

the Pottasch value/of 'on both plots.

Both sets of abundences allow a reasonable curve 9(0) to be

fitted to the -d.ta, and both curves shcw the same guncra.L tharacter.

A rapia rise in, the emitting ability of the features occur., from

temperatures of about 5 x 105 ,K to about 2.5 x 106 'K. lL.e curves

then begin, to flatten out and reach a riaximum around 3 x 1] b oK,

which is followed by a rapid decrease -tt higher IperaLur_,s.



115

As I have drawn it, the, O(O) curve obtained from the Gold-

berg abundances shows aimuch steeper initial rise and a l er

maximum than'does the Pottasch curve. It may be argued thatN Lhic

former curve should have been drawn to pass between, the range, ufl

values of Fe XIV and Si XII, instead of effectively ignoring the

latter. A curve thus drawn would more nearly resemble the Pottasch

curve. Since the Si XII lines were made from a different exposure

than any of the other lines in ,the same temperature region, it seemed

more prudent to place faith in the Fe XIV and XV measurements to

eliminate 'the possibility of an unknown source of systematiz photo-

metric .error.

Although they allow a reasonably good curve to be fitted to

the points, both sets of data produce inconsistencies that make it

impossible for such a curve to pass through the error bars of all

lines. As compared with Goldberg, the high Pottasch abundance of

iron removes the discrepancy between Si XIi and tLie higher ionization

stages of iron, but introduces one be4 .ween Fe IX and Mg IX.

D. Theoretical Uncertainties in 0(0)

Although most of the scatter in Figures VI-I and VI-2 is

undoubtedly due to observational errorts, and, to a smaller uXtLrnt,

to uncertainties in the ionization and excitation theories there

remains .an additional source of error that is non-random atd arisus

from variations in the shapes of the eniissivity curves of iiu ions.

To illustrate the nature of this uncer .ainty, consider • u following

hypothetical example.
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Assume we have two ions 'which have the same values of 6.,

fG (0) dO, and'all atomic parameters included indeq. (9). We

then should require that K4>. would be the same for both ions,

since we are associating it with 0. in both cases, and we wish.3

to establish a procedure by which *(0.) =O >. for all ions.

However, eq. (10) clearly showsý that we are not able to do this.

If ion #1 has ati emissivity curve G1 (0) that posesses a long tail

on the low temperature side, and ion #2 has a similar ':ail on the

high temperature, sqide, then if ý(0) is an increasing function of

0$ <K>2 will be greater than <ý>I, whereas if ý(0) is a decreas-

ing function,. the reverse will be true. It follows that the points

plotted in Figures VI-l and V1-2 will not yield the actual curve

W(0)Y, but a curve subject to a systematic error, particularly

where its slope is steepest.

We may make an approximate correction to this error, provided

the changes in tne curve implied by these considerations are not too

severe. The following steps will outline the procedure used in

making the corrections:

1. Erom the curve, ý(0), as we have drawn it, compute eacn

> ~iom eq. (10).
2i Plot each point, (O6V <ý>j) on a graph., These points in

general will not lie on the curve ý(O). Instead, tney rup:esent

the curve we should expect to obtain by ideal measurements .rom a

line of sight whose emission efficiency with temperature ac;u"lly

obeys the function, ý(O).
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derived from observations, the corrected curve, which we denote7 as

(cor(e), should be defined by' points lying the same distance from

ý(O), on a logarithmic scale as <0>j, but in the opposite direction.

Figures VI-3 and VI-4 repeat in solid lines the same curves

ý(0) that were given by the data points in Figures VI-l and VI-2,

respectively. The tail of each arrow corresponds to the point

(0, )for each ion, whereas the head corresponds to the point

(OJ, <0>.). The dashed curve drawn shows the curve (cor0)M We

note that the changes. appear to be relatively small over the ascen-

ding branches of the curves, but are somewhat larger over the much

steeper descending branches. In addition, the point at which the

maximum of ' cor (0) occurs is shifted to 5 x 106 0 K from 2.5 x 10 K,

and at temperatures above 5 x 106 0K, 4r(0) decreases exremy

rapidly. This rapid decrease becomes all the more significant if

we remember that the value of <>Ni MIT, meas. is an upper limit,

and that the Ihightemperature decrease in ý may actually be much

steeper. We thus have rather definite evidence that strong decreases

in the amount of material in the two coronal features observed occurs

at around 5 x 106 0 K. To support this conclusion, we note that the

visible coronal lines of Ca XV, which correspond to ~temperatures

between 5 and 6 x 106 0 K are generally not observed Ln long-lived

enhancements of the type we are discussing here. Oil ihe oLher hand,

observations of Fe XVI. In the EUV, an ion noL much cooler ttan Ca XV,

have long shown that emission from this ion depends very svinsitively

on the degree of normal solar activity present.
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Table VI-1

Relative Abundances (Si 1 l00),

Pottasch (1967) Goldberg, et. al. (1960)

C 1000 1600

N 120 300

O '500 2800

Ne 70 --

Mg 60 73

Al 4 5

Si 100 100

S 40 63

F 100 12

Ni 2.5
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Table VI-2

Maximum brightness of Features*3' and 4 in the various lines.

-2 -1
I(erg cm" sec-)

Ion (A) Feature 3 Feature 4

Fe IX 171 6.6 x 10 3  7.7 x 10 3

4 4Fe XIV 211 5.0 x 104 2.0 x 104

Fe XIV 265 1.5 x 104

Fe XV 284 1.2 x 105 6.3 x 104

< 4 x 102 24 x 102Ni XVIII 322 •41 ,41

Fe XVI 335 1.0 x 105 9.7 x 104

Fe XVI 361 4.9 x 104 3.8 x 104

Mg IX 368 1.1 x 10 4  1.3 x 10 4

Ne VII 465 4.9 x 104 7.2 x 103

Si XII 499 o.0 x 103 4.4 x 103

Si XII 521 2.4 x 10 1.8 x 10
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f Figures VI-1 an(! VI--2

The points (O, <0 j, meas ) as determined from measured brightnesses,

Inas' of Feature 4 in various EUV lines. Included aJlso are the

curves 4(O) drawn to approximate the distribution of these points.

The abundances assumed are those of Goldberg, Mller, ancl Allur

(1960), and Pottasch (1967) respectively.
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Figures VI-3 and VI-4.

The curves, 4(O) repeated fhom Figures VI-1 and VI-2 respectively,

are shown as solid iines. The dashed line shows the corrected curve,

cor(O),, inferred from the errors implied by the shifts indicated

by the arrows (see text).
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CHlAPTER VII

STRUCTURAL DETAILS OF THE 1IMB ENHANCEMENT

A. Computation of the Emissivity from Brightness Measurements

A series of isophotal maps of Feature 4 in all tihe lines intense

enough to yield reasonably good photometric data is shown in Figures

VII-1 to V11-7- From these maps I obtained distributions of bright-

ness of the featur#e in the various lines along the limb at .several

different heights. In an optica,!ly thin emitting gas, such a

\brightness distribution gives the total emissivity of the gas along

elch line-,ii sight. In order to obtain the emissivity at any given

point within the feature, it is necessary to either have some

addi&t.onal information of the three-dimensional shape of the feature,

which we cannot directly observe, or to fall back on some plausible,

but still arbit•ary symmetry assumption. Most active features

seen to possess an approximate axial symmetry with either a roughly

circular or elliptical cro~s section. The extension from circular

to eLliptical geometry is; easily made by multiplying all dimensions

along the line of sight by a constant sewtle factor, b. The emis-

sivities calculated ,will then be proportional to b-" and the

corresponding elecLzrn densiti',s will vary, less sensitively as b .

Since an extension from circular to ell[ptical cross section is

trivial, I shall assume for the present that circular--cylindrical

synimetry exists in the following development.
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Consider a cylinder of radius r :of an emitting g--,s which is

opticaAly thin. Let r be the distance from the dAis ef the

cylinder. Assume "that the emissivity of the gas E is a function

of r only. Then, if we view the cylinder perpendicularly to its

axis, the brightness I as a function of the distance -k of the

line of sight from the axis is(,given by

r
0

l(x) = j E(r) rdr .(i)
f (r2 _ x2
x

We may invert eq. (1) and obtain

r
0

E(r) = -I" '(x) dx (2)
r- (x2  _ r2 )C2

In principle, eq. (2) affords a possibility of numerically

computing the emissivity by direct substitution of measured values

of dl/dx into a numerical integration formula. In practice, one

would wish to obtain a series representatiL.- of eq. (2) that would

allow direct substitution of measured values of 1(x) rather than

L'(x). Such a series of the form

-rl ak L (3)Ej = r° .k

has been derived by Bockasten (19b1), with the a k tabulated for

ten and twenty points between x = 0 and x = r . bockasten also

calculates the coefficients for the points numbered from 30 to 40

in the edge of the distribution for improved accuracy at the edge
F
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of the cylinder. The accuracy of the numerical approximation is to

within a few percent at worst, provided the quantity I'(x) does

not appreciably change within a given 0air of points..

Figures V11-8 to VII-14 show the eminssivity curves, obtained

by an inversion of the brightness curves using Bocksten's method.

The accuracy of these curves decreases outward from' the axis from

ant increasingly unfavorable signal-to-noise ratio in the photometry

in the fainter regions. In the case of the Si XII lines, the

northern edge of Feature 4 was ,subject to severe contafitination

by emission from the southerh edge kof Feature 3; thus the values

obtained from these lines• may be quite uncertain.

The computation of the emissivity bof Feature 4 in the different

lines affords a means of partially checking the relative abundances

of ions whose variations in emissivity witn temperature are similar.

Such a paik of ions belonging to differnt eLements is Mg IX and

Fe IX. Computations show that the ratio of the iformalized emissivity

curves of th. two ions varies somewhat irregularly between 0.4 and

1.6 between temperatures of 4.5 x 105 .K and 2 x IO• 0k. Thus

we may conside. tis range of temperatures as characteris•ti 01

both lines, and assume an average temperature o. aoout 10 6 OK for

Feature 4 as observed in the two lines. From eq. V-(6) , we then

obtain AFe/AIg = . 2 0( IMIA/h368A). A oasual comparlsonl ot Figure

VI1-8 with Figure VII-12 shows that aLthough the. t:mi;issivity t f

Mg IX appears subject to more sensitive varliatkln thrtnu•jho~it thet

feature, the emissivities of the two lines arc ,OJOULt equal in

magnitude. This would indicate a ratio of A L/A 0. 20. By

Fe I
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comparison, the same ratio -is 1.67 from Pottaschi's, (1967) data, and

0.1-5 from Goldberg, MfUller, and Aller (1960).

Table VII-l shows the calculated values of the abundance ratio

FA /% at various points within the enhancement. The f-igures in

parentheses denote the weightin~g factors assigned to each point

for a sl itistical analysis, and are proportional to the averages

of the brightnesses of the two lines at each point. We find a

weighted mean value of .25, with a dispersion of .17 from the cata,

of Table VII-l, for the ratio of the iron-to-magnesium abuhiuance.

Thus the amount of scatter is not sufficient to admit to an error

large enough to allow the Pottasch abundance on the basis of random

photometric error alone. The calibration of the photometry is

particularly uncertain in the wavelength region of 170A, however,

due to strong variations with wavelength in th. tranbmisbior coef-

ficient of the aluminum filter (Figure 11-2). More imporLtnt i:

fact that the random er.rors in the relative emissivity mea.urumuats

within a feature are small enough tha. we may use tcesv muare;a•.

for other ions, whose emissions differ greatly among o01e aotAsIV,

to determine a set of temperature and density profiles of the

enhancement as a function of distance from the axib of .. acry.

B. Temperature and Density Structure

I. Method of Analysis

In principle, we can write down eq. V-(6) fur any tLwo ILnI%:z acU

compare tie theoreticý&u emissivity ratio with tLht CdCuiaLt I ,t iLdck.

point by the methods described in te pr.ýceding buection. Wcu Ltiý.
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have two equations in the two unknowns, temperature and electron

density, and can solve for both of them simultaneously. If there

is no unresolved coronal structure, then at each point in space

the emissivity ratio of all possible pairs of lines-should give a

unique set of values for the temperature, to within the limitation:

of our ionization and excitation theories, observational accuracy,

and symmetry assumptions. Conversely, any unresolved iuhon.,,;Vni:iLv

in a coronal feature should show two effects, namely:

('a) The temperatures and densities computed wilJ nut CiVLIV.'L

the structure of the region as a whole, but will tead to map thI

relative degree of occurrence of temperatures and densities t•LC&-

mediate between those characteristics of the two lines UialuVLr -

"o ration. Since a point in space can now no longer be aboc."tcu

with a single temperature, radiation from ions of widely aitfveret

Ionization potentials may be seen together.

(b), The radiation of all lines will be ennanf'l.d owvr *.ii.L

it would be in an homogeneous gas. T,.i' is due to tti•, 7, • .'.

of tne emissivity of the gas. The electron dvniv,, wv .

line emission excited by collisions is thus the rooL--•..,,.

density at an unresolved volume within tne fature. koc it,

gas, 7= (-) whereas for an inhomogeneuu.u . 1, .
e e

We are now in a position to oUtain tLO tLPCLUFL A.- Q .

at each point in space from emissivity ,atio oi.:ad:ur*kA,,C6L-, *.•j L ,i•

emissivity curves in Figures Vll-8 to V L-14. i; 'AiA c i ., .

the uncertainties resulting trorit raLhL,. Poodly ,

dances, I restricted the comparison it , t., ; .... .it
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of lines were compared -for their emissivity ratios throughout the

enhancement, namely, Fe IX at 171A with Fe XIV at 211A, and Fe XIV

at 211A with Fe, XVI at 361A. These lines give good coverage through-

out the usually-encountered rang6 of coronal temperatures.

2. Temperature Structure-

Figures VII-15 and VII-16 show the temperatures at various

heights above the solar surface plotted as a function of distance

from a line extending outward from the limb from the point of

maximum brightness of -the feature. The dissimilarity of both the

shape of the curves and the temperatures themselves indicateb tLat

we indeed are not viewing an homogeneous structure. Several

characteristics of the temperature plots, however, suggest -.onie

large-scale structures that might help to explain the discrepancy.

Along the limb, both the Fe IX/Fe XIV and the Fe XýV/Fe XVI

emissivity ratios indicatc a inarkea rise irt temperature toward L•1V

axis of the feature. This temperature increase is particuiarly

marked in -the hotter ions, both in thr magnitude and in the du&gi

of centrilization of the higher temperatures. In the cooler iun.,

the inferred temperature appears to decrease slowly outwarc froi. ;i,.

axis to a minimum at a distance of about 40,000 km. Frroit tU11 Vw.,t.i

outward, the temperature begins to rise again. The hotter ior• a,•, ,'

somewhat sLmilar behavior qualitatLvely, but with a 6r_-oter .

in favor of higher temperatures tL the north.

As we move outward from -the !iurf ace, the tempera~urc iuer•,•ad

towards the axis of the feature contin-ues in the mead.jrementL. 10,d,

the cooler ions, but is reversed in the hotter ions. All Litt. Ctrv,.
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conLinue to shGw an increase toward the edge of the feature which

moves in toward the center as the height increases. The preceding

description of the behavior of the measured temperatures frofu the

line emissivity ratios suggests a picture of the enhancement that

includes the following:

(a) A hot "core" is present that coutains considerable material

favorable for emission in all three lines. This core is probably

roughly hemispherical and cuts off rather abruptly somewhere around

20,000 km above the surface.

(b) The core decreases rather strongly in temperature out to

about 30,000 km from the center. At that point an "envelope" begins

which starts increasing in temperature outward. From about 1 - 2

x 106 .K, the distribution of temperatures in the material in this

envelope appears symmetrical about the axis, to a good approximation.

Toward the north, however, there is a disproportionate amount of

material above 3 x 106 'K compared with that toward the souLh.

(c) As we move upward from the core, the envelope closes over

it. Towards the center, the temperature range appears Lo be rather

narrow, but as one goes outward, both Fe IX and Fe XVI emissions

increase relative to Fe XIV. This shows that the envelope becomes

less homogeneous as one moves outward from the axis.

An investigalon similar to the present one conducted earlier

by Nishi and Nakagomi (1963), arrives at conclu.blons concerning a

two-component enhancement that are very similar to mine. 'The earlier

investigation used measurements of forbidden line emission Irom the

red, green, and yellow lines of Fe X, Fe XIV, and Ca XV, res.pectively.
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3. Density Structure

Figures VII-17 and VII-I8 show the root-mean-square density

structure of oFeature 4 as inferred from the line emissivity ratios.

The results are much more nearly consistent with each other than

was the case with the temperaturei measurements, although the

increase in the amount of hotter material toward the center is

evident in the sharper maximum of the Fe XIV/Fe. XVI curve at the

limb. A sharp decrease of these curves toward the south at 20,000

km and at '40,000 km also reflects the cooler envelope that exists

particularly toward the south.

The inhomogeneity of the, feature is suggested strongly by the

fact that 'the densities recorded approach higher values than those

generally associatec'with white light measurements of coronal

enhancements (Newkirk 1961) and approach values normally reached

only by sporadic- condensations (Waldmeier and Miller 1950, Saito

and Billings 1964). In the hotter ions, the inferred densities

drop off more rapidly with height than in the cooler ions. This

phenomenon is also easily seen in the measured brightness scale

heights which are available from the isophotal contour maps (Figures

V11-1 to V11-7).

LFigure VIl-19 shows a comparison of the brighLness gradients of

Feature 4 in several lines of various temperatures. For reference,

the Newkirk (1961) density model along the axis of the feature,

N 0 ' 1 04.32/ (4)

Is shown, squared, to represent the brightness gradient that would
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result front a cylindrical feature whose .density out from the limb

varies as Newkirk's model, ahd whose temperature structure is

isothermal. Lines of temperatures of between one and two million

degrees agree most closely in theik brightness profiles. The con-

fining of hotter material to regions closer to the surface is, of

course, contrary to the predictions one would make by assumi.ng

a purely hydrostatically supported atmosphere.

C. Comparison with Radio Observations

Observations of the sun at radio frequencies of 9.1, cm aL

Stanford provide a gooa means of comparison of the brightnet.st

temperatures inferred from the temperature-density strucLturt ot

the enhancements, and the brightness -temperatures actually tbservua.

A contour map of the northeast quadrant of the sun with the conLottrs

denoting constantL brightness temperatures is given in Figur( Vii-zu

for April 28, 1966, based on the Stanford radio data.

Let us consiter at first emission from thV corona Ohiv. *,.

dift.ei.-ntial optical dUpLh at radio wavelengths as ijvcn Dy .Ai"V. .i

(1951) is

7(IOUOO)3/2
tit = 1.65 x id Tu

Lf wv allow thIe tenperature to var) alonhA thic l, inv %) icI, ,-ih

conbider only ralio emission at 9.1 cm, the wavelultcfkh aL W ,i'h thv'

Stanford interferometer operates, (5) becomes

di = 1.,2 x -20 N '1' T dx
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From (6), we can obtain an expressiog, for the radio brightness

temperature of the feature by the relation

T =fT exp f -cd'ýdtbr 0

-.21 2 0  20 x2 -3/2
1.52 x 1-0 f exp 11.52 x fNe

(7)
x N T-1,/2

where the path of integration is taken along the line of. sight.

Although we do not have a really self-consistent model o t Lu

coronal enhancement that specifies uniquely a temperature and

electron densiLy at each point within Feature 4, the temperatureb

and densities obtained from the Fe X'IV/Fe XVI line emissivity

ratios should reflect fairly well most of LtJ. material tnaL Lontri-

butes appreciably to the radio emission in the Uliihnccrdent. Tia.L Fe i.\/Fe XIV emissivity ratios reflect some additional, oooizr

material, but the two temperature regimes overiap cn(kid~raoly il

the samples of material they contain. Therefore, by a:u,,yj ,

the two densities at each point and taking an averag,% tmur,,ratur,

one almost certainly would overestimate t!:t amount o1 1L,.i..

actually contained in the enhancement. I therefor" ,ubiu ti.st Lik'

lhotter material, from about 2 x 106K i pwardb, wi-l pruvi•u .Iowv

iUIit to tue predicted radio brightness temperaturc,• titat i , y.

close to tile actual values.

""li*e results of a numerical intejration k, Lte ý01od•' tl ýit,

Senhancement implied by the tLiecrat.: I ftes Vi-I - i .d AI- i I
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and the densities of Figures VII-I7 and VlI-18, according Lo eq.

(7), are shown in Figure VII-21. The values of N2 from which
e

the integration was made were those inferred from the Goldberg

abundances of iron as given in Table VI-1. The abundance of Fe

according to Pottasch is larger by a fa.ctor of 8.3, and therefore

the inferred values of N are smaller by the same amount. Ic. a

feature that is optically thin in the 9.1 cm radio region, the

predicted brightness temperatures would be reduced uniformly by a

factor of 8.3 as a result of the increase in abundance of F.. '.incu

the feature is not necessarily optically thin, however, the redui-

tion may be smaller, particularly along the line of oighL hitat 14d.o.

through the greatest amount of material, asý a result of morv svlf-

absorption occurring in the denser regions. The brightest. point

differs in the two models by a factor of 6.0, and tith ratio of

course, approaches 8.3 for the fainter regions. "'ilih indic;,Lt:, lh,,L,

although self absorption is significant, it doub not grteaU!:. chana'

the brighltness profile of the enhancement over the range of

we are considering. We may therefore assume for tli, iturpt:,,-C i ,;

discussion that follows that the Pottascn abundatnte ,:- eV.•

brightness temperatures in the 9.1 cm emission tiiat, krv ikr,, ,,

factor of seven compared with the Goldberg abtIdd t'.,, .a tt t,

surface brightness distribution of the fe-aturv it c,--.entia

unchanged.

We are now n a position to estimaLtl LhKrig Ln•.s. * t .

that would be meusured by the Stanfora rcdio Lnt(e':teonmit.. Ot,

main lobe centered on the enhancement .,fihough Li,- t
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along one of the two axes of the cross is that a modulated sine

curve, we may approximate the main lobe by a Gaussian curve provided

the scale of the feature is somewhat less than the beamwidth of thu

antenna. The width of the beam of the interferometer is 3'.1 at

the half-power points; this correspond* to about 1.5 x 105 km at

4
the solar surface. The corresponding Gaussian width is 9.2 :x 10 4m

which we denote as yI and zl, along the y and z axeýs respuc-

tively. We can represent the radio brightness of Featurv 4 quite wull

by a doubly infinite Gaussian curve along the z-axis with cttaracLC'r-

istic width z, = 2.6 x 104 km, and a half-Gaussian curve infinitL

in the positive y-direction with width yo = 104 knm. The observed

brightness temperature of such a feature against a zero bacKgrounc

will then be

2 2 2 2 22-f ~f exp {- y(y- + y12) exp {V (Z Z
=T

f f exp(- y /y2) expk- z '2/Z) dy dZ'i

6
-,or T 'M = 1.98 x 10 0K this becomes

max)5.8 x 10 4 °K (Coldb-rg bui, a••

8.3 x 103 K (Povtasch abundaac._,.;)

A cumparison of these values of tht predictee niigghUt.m , Lý.,, r a-

ture with those swot Stanford rtdio maps , intv.-, J aj. pc

April 28, 1966, a radio enhancement witl a maximut, s,:ir,,u ii'oc..

neCss temperature of 125,000 *K is evidei~t aL OILe pL'bitLm ,"•:,n
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3. The position of Feature 4 is marked by a dotted circle on

Figure VII-20, and is shown to be at a position of brightness

temperature around 6 x 104 ,K. Comparison of the positions of the

two features: with the theoretical response pattern of the antenna

to a point source (Swarup 1961) shows that -when the beam is centered

on one of the two features, the other is close to a null point and

therefore should not greatly affect the measured values -of •the

maximum radio brightness temperatures. On the other hand, Features

2 and 3 are so situated with respect to the aienna pattern that

when the beam is centered on one, the other is within a positive

side lobe. The response pattern at this point is down by a factor

of about ten; this indicates an error of about 10% in the brightness

temperature would result from considering the response of the

main lobe only.

In- comparing the observed brightnesses of Features 3 and 4,

we must also consider the variation in the amount ,of observed back-

ground from the quiet solar disk when the antenna is trained on the

two features, and the possibility of a chromnospheric contribution

to the radio emission from Feature 3. Observations of the radio

limb well away -from active regions show that a difference of about

104 ,K could result from the disk of the quiet radio sun not entirely

filling the main lobe where the interferometer is trained on Feature

4. If we subtract the two spurious effects of sidelobe emission

from Feature 2, and the increase of background emission from the

solar disk, we get a radio brightness of about 105 ,K for Feature

3 as compared with about 6 x 104 OK for Feature 4. The ratio of
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these figures should be approximately the same as the brightness

ratios we would obtain from the photometric brightnesses in the

extreme ultraviolet, listed in Table VI-2. The agreement is quite

satisfactory.

Although most of the emission in the 9.1 cm region from the

quiet sun comes from the, chrofiosphefic Layers, it is doubtful that

chromospheric variations in temperature and density can account for

a significant amount of the radio enhancement in an active region.

A number of piages appear on the ,solar disk on April. 28, 1966 from

the Fraunhofer maps; these plages do not in general correlate well

with the radio enhancements unless there is obvious EUV enhance-

meni in the lines .of the hotter ions as well. To some extent this

is a result of the fact that the chromospheric layers are optically

thick at 9.1 cm ind the temperatures associated with the chiormo-

sphere, by the usual definitions, do not go above a few 104 ,K.

Such variations in 'temperature of features the size of the nkijantv-

ments we are considering would be scacely noticeable abovQ bac.-

ground variatioits in the observed brightness temperatruce,.

Although the presence of r• strong coronal LU\' unhai.a¢i,,,-nL ,wy

be a necessary condition for one to observe a strong rauiL, br±LonL-

ening, it is doubtful that it represents a suificien. COnia4Li•il.

Observations of the radio enhancement associatLd WLit Ft:Maurt- 4

b.now a progressive increase in intensity for severai dayb dtltr iu.

initial appearanoce at the limb. This, in licatcs tLlaL mateit ol Llt

additional radiaLion comes from low in tie corona fronm . rt-dativcly

shallow layer, and is therefore subjeW' Lo foreohorLtonini, at Lim,



Billings and Htatt (1968), after a study of the correlation of radio
,2, -½=

noise in the 10 cm region with the quantity N 211 as inferreae

from corofial lincorbservations, conclude that the low level of

correlation (about 0.25) suggests that most of the radio emission

occurs from levels lower down in the corona than those accessibje

to the coronagiaph.

0. Comparison with K-Coronamater Observations

In addition to checking our temperature and aenbity WOiul oU

Feature 4 against radio observations, data obtained by thu K-

coronameter of the High Altitude Observatory at Mauna Loa, Hawaii

give us the possibility of independently checking the electron

densities. An interesting possibility exists, in theory at ItSL,

of obtaining a measure of the degree of inhomogeneity of the corola

by comparing the densities, Ne, measured by the K-coronaiict•.r

with the root-mean-square densities, (Ne)' inferred f rom rtdio An

emission line observations. Because of uncertainties In ti. lo i-

grounG. from the quiet K-corona, however, the actual contrio,,t•)., L ,

the total reading from Feature 4 is quite uncertain, anu L,. ii,..

resolution of about one minute of arc (hansen 1967) Ai'o c(.bkr,•.,c-

to making the data insufficiently accurate for a dvahit•lL L•;Ik. -,..

Nevertheless, the K-coronameter observa~ioas providc ao~ic ,,,,

on the electron density that is essentially indepeLttn (it

relative abundances of the heavy elementi.

The theory of the polarization of Ohe radiaL ,,i

K-corona has been developed in detail by van d. ItutLt (jttuI o



141

the assumption- of sphdrical symmetry, he derives an expression for

the polarization times the brightness which, in Newkirk's (1961)

notation reads

pB = 3.44 x 10-6 f N [A(R) - B(R)] p 2 dR
Ce 2 2 (0c e ~R (R• - p)"

where p is the polarization, or the ratio of the intensity of

the radiation component tj~ansverse to the solar limb minus Lhu

radial component, to the total intensity. The quantIty ,i; : i:

directly proportional to the K-coronameter reading.. here, 11 i

given in units of 10-8 times the solar disk brightness.

The constant, c, normalizes the expression to the mcan

brightness of the solar disk at 5200A, and is equal to 1.32 (Niwkar1 %

1961). The functions A(R) and B(R) contain both the allowuanc four

the finite size of the apparent solar disk at a distance K in

determining the polarization, and also the effect of limb ,

The coordinates p and R refer to the projecLed di,.ta.alv of I

point in space upon the sky from th.; center of the solar i*.,,,-, -.;

ithe distance of Lhe point from the sun's center, rus'vJUCL4wti..

BoLh are given in solar radii.

If we wish to drop the assumption of spnerical syz,;;, ,.

write a general expression for p8 zlong a line ,4 ii , t%. ,i.,

becomes

lx-b
pl, 1.72 x 1 0 N [AR) - B(10) - u.,

C " C '

where x, a-. before, it taken as th.4 variabi. ,t t,•Lii . i , ....

thO line of bight, in solar radii.
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The ratio, p/R may be assumed nearly equal to unity along

the axis of Feature 4. Since the enhancement is relatively small,

both R and the ratio p/R will change but little along a line

of sight through the thickness of tile enhancement. Values of

A-6i are tabulated in, van de Hulst's paper '(1950). At the two

distances from the solar 1-.mb for which tracings are available,

1.125R3 and 1.25R(, eq (11) reduces to the following:

S10 17
3.0 x 117pB (p = 1.125)

f Ne dx = 17 (1-2)13.3 x 10 pB (p = 1.25)

with x now expressed in centiieters.

The justification for taking A-B and 2/ 2 outside ti,, intt.' al

is that these quantities vary little over a line of sight tiirous,

the featuref.

A major difficuilcy in applying (12) to a -,Ing±v fuaturr, i iL.

in t)le fact that it is difficult to justify a uackgrouiu lIvvI At-o"

the quIUt corona and parts of any other btrealiers LthtL W.•Y LU

lie aiong the line of sight. We can tentativuly aL, ,w ,.'.:r

bound to this background, in view of Li~e fact thaA t lure ia.- VL.'V

little activity in the southern hemisphere on, April 2b, 1'm, .,h,

therefore cite emission in the southern •ii- pher, ai ev , -

tude as IFeature . should provide a lower limit LO LL (uiIVct. -

tnent inl the nortnern nemisphere. The valuub of N e' -. Lk,,.f,

will therefore represent an upper limit ' to Ui , (Iu•tUyL'iL

through Feature 4 only.

'fable VII-2 shows the K-coron ',' co.adiugb •t 'i "a WI ,

i0- times the solar di.' brigutnusz-. t , , -a
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700 at 1.125Rk and 1.25R., wuere the signal maximizes. Values of

25 and 15 were chosen to represent the Uackground values uZ pb

at these two distances, respectively. The corresponding values of

f Nedx are plotted in Figure VII-22, along with the valaes of

2 1;f (N ) dx obtained from the photometric analysis of the LUV line

emission. The scatter in the points results in a band of values

that spans a factor of about 3 in uncertainty. I shiall now discusb

the significance of the quantities pliotted "nd ti~eir effecL U1 Lit

degree of uncertainty and the tentative conclusions tthat may uv

drawn regarding coronal fine structure.

The poinxs represented by dotted circles and dotted b(juares

represent the quantities f (N')*dx along the axib of Feature 4

computed from the density mudels inferrea from the Fu IX i7lA anu

Fe XIV 211A; and Fe XIV 211A and Fe XVl 361A line ratios retpectýv•i0.

Each of these provides a lower limit to the true value, sitiLc tiit

oOservations on which they are based unly reflect a portion of ic,

material in the enhancement. Their sum, which more or 1cs> ,

spans the range of temperatures in the feature, is rvpreQsc.!.itc.

a circled cross, and serves an an upper limit to thQ qudtltiLy

"k) dx.

The K-coronameter measurement.s rep-esent an uppvr Lt,•. t.

quantity f Neua as described above. Uince Fuat~uCe J th,, oI) .' ii,,v~

emission in the continuum extending outward from it thit iz unre.. ,V.i

from that associated with Feature 4, £ iave divideu Lthc V.As.Ie. uf

f Nedx by two and includea them on We graph as a low.r liiii•. ,

uncorrected and corrected K-coronamc•, vilues are.! i:eprubVL L,': ýiy
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dotted and crossed triangles, respectively. Within this band , f

uncertainty of about a factor of three, the K-coronameter valt s

join quite nicely wt't:h the EUV values.

From the pbove considerations we can set an upper limit to

the degree of inhomogeneity in the coronal, feature. Consider a

sample of gas that is compressed to a value 1/k of its original

volume. The maximlum density will then be increased k-fold 'au' tic

2maximum square density by a factor of k . If we t'len corparc Llac

root-mean-square density and 'the mean density, both av'-rag;e cvcr

the original volume of the gas, we 'find that

(IN ) I/NC*

If k!J were much larger than about 3, we should see a dai'nitc

discontinuity in the points of Figure VII-22, in spite of the

aforementioned uncertainties. We therefore conclude that at a

distance of about 80,000 km from the solar surface, tile aunsity

inhomogeneity factor, k, cannot be 6reater than about ten.

E. Structure of the Magnetic Fields

'ihe observations of the distribution of matter in FeLur4 4

at various temperatures, as. described in Chapter Vi, furnLbýu ck.I•

elusive evidence that the material is not in nydrostatic .quLi,•'InI.o,.

The observations of the EUV lines show an uiimisLakabl, decrvasc in

the scale height of the emission with increasing tumperaturu, ,1-U

itt lines with temperatures greater than about 10 •K, thu eMis,-ion

scale height is smalle.: than that predicted from hydrostat.c UU.i,--

brium of a gas at the temperature ap)LupriaLý to tie existence oi

a '" I ---- 'i
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the ion producing the line. Trhere is evidentLy a shnarp dec-reals ill

temperat.uru with height, with mtost of the hlot material being, confined

rather low in thle feature in ahot, dense, "coru" , as we havc alirvady

seenIl. Such .a temperature st.,ucture cannlot exisr in the coronla dut!

t~o theL hLgh conductivity of the coronal material tunless tbe iuat-.ri..il.

i s lio ld down Icy transver~se magnetic f ieldcs, which a i-So reout -Li

C0onduetivity of the material across the field lines.

Foc tigi moment, let US aIssume1 that the magneixtic 1ie.- ,ItL

.stat i and imbedded in the enhancement. The ant-yrsat.

I oree e-quation that must be satisf ied at every point wi Lli~i-l Litv

i.i x (V x B3) ~g - VI)

it. wL. at6u-mt that the gravity f~orce., act ing in unc nugativ.V y~-

dIreCtLLan. is tne only -2Aternal force acting on t~v ill' eJIihaiIctfL .

'.e may expand eq. (14), in cylindrical coordinates, ..ad t'iu:,

Wii~e use Uf Lihe assumed syimmetry )roperties of the au nc.ei

oY~ l'-ry ast-ampti~ons we shiall make are (1u) t1lQ ihAjugtivtl i. it. tt;

n10 a.1imttlia I. coniponent , L. e., 6i 0, and (2.) Ohe it.i.1t4rL aa, O' .*d-

*ilto. axial. symmetry about the y-aXis , i.e * All dkt iai vat i. L

ICspk-%c tLo are Zero. With tiis~ISSUmpTIiol, ca . WO

l'ed1ICe, tO Like IWO f~ol lowing bealar tLqu ttions:

1$ r 4 d;

Ar 1Ž) (1')-
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.y 4n J'r a)y

A s~imilar pair of equathios relatilig tlhe pressure! graidiviiL,

alonIg tue ve~rtical and tangential to t~i.. solar limb wurv uvirivcd.

I)v\' billings (1966) . Lndier ou;, symmetry aSbumpLioII,,, Ow r.~~idia

coordinazte~ play~-, tile bae role rwathieuat.cally in (15) -inu k~j

is does UIiu tin;vtital couruinate in dl~lings' equatiow .f ý'**L' -t.V

v I..iiimte the magnetic [I.eda Larivatiives f rom (15) sr.,i

ootdai the following relation

r+

AL Lii p;I ~L , to~r L~li Sake Of WilI ty Th.k 1C'

L~tloLr tiae elfl.tUiflg material o' uiy -,ivcn itfl. iii vit.%

A Loo t~t iiiled cutisidcrat ioa of the shaptub oiLlic iiwfl iz.i Llo

, o r itia v in .,- eurlIivr Cil.ApLor , t.i.i, t on ..

loii i h tL ib ~1a'lv uaU.' for a It..Ltviriia ."I.L Lti

... i ~ b~i. L1-ticLurt. ovt.~r a wkdu. tt... k t.

Lim i. i propurLiofld± to the hquarv ,t.'oL I; A

11 kl k. 1- .1 .'d Sit :11 'hi
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may Lie usied if one assunies translational symmetry along Lhte line ol

sigiat. huch an analysis was made of an enktaicemeflt by Sait~o andj

tiilings (19b4) using white light observations of tntu 1962 New

w.ine.a solar eclipse.

Note. that one ambuiguity e~xis'ts in tile applicability of e~q. (18)

ia imdpping tile mdgnatic fiela, anti that arises when u)n I./' r a 0,

aL wniidi point 11 rIbm wou ld, taken lite~rally, Loccoi~iiu ti £Lt%

Iu t~ied would lb- ii ave. no vertical component. Silt I I, LuIai .d1d

touik lds arisc h oweve~r, by a nearly raid.ALal i e..ld wiiu.v -Wtis

4:11.Inging ,Lgll as it passeb througha the point aL wii ci, j rii

a local w ax iwun. 'Eihe lines of force wiltL thjen out Iiute a ~uj j

woich "t-re4 a .trong r ln to ti1~ble jU dj V~i&crcihu1

rigurv6 VII-23 through VII-26 show (Aiagrams- 01 LIIL

tui, .,Agna-LiC fife1dst inferrea tnrougn eti. (ibj taroir tiit- li;,I..-

.Q aceuiv 4 in iNg 1A, f*2 1A, Fc AIV, and L-'t .X :,i

il~. -,in~l tQimlh'rixiLurv.~ Ilie first aji. Li,Ce4u Li a' 4, 1

iý ii-t~riv vt'rzical, indicating tiiat tile Qibst iml)(1 'll 01 -- 1 ',,.

~ Il L~L~cIs ie.ar 10 6 . is Close. Lo LiiAL ti~

I LIk. I. a U r 1 LtUlM. TI IV k'%- 1IA tfjS iO~ lt, i. I; III t

-i .; IX, iut Lis Lato±rred fiel~d sizows dII. a 1 ,l..

LI ~ oii i Lurwoul.l~4d t .Ancft .~ai compon 111L Lk Lit 1 ut

i on iiow;, - ve.n Aiiorc isoop ,.trUcLLurL i±nd I , I / i, I

CO." On. ot Lo) LhC-! illagie.L ic f i,:Id, aoild .4--

Ltiv i.-i, It Lilt, Iic ture. I ~i. 1inLt~nsl,±) L

40 00 ,. t ,, e. t O Lai .- ~LI, Lb, ' UI i is U.'~
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grCL.,'r heighis, indicating a greaL deal ol coill iumlo-IL L| Lh.O

material below iieights of about 30,000 km. Tae fields governing

the ic XVI emission show a still stronger loop structure and appear

to resume tne approximate symmetry about the axis of the feature.

An interesting feature common to k.ll the field profilch is

the loop structure close to the limb centered aL the axis o); Lhi

enhancement, or very nearly so. There apparently exists ,, ,'orv 0f

material which contains a wide variety of rempuraturets ULIt fuvors

the hotter material more than the cooler. ''if. v'Onl'cm iorih, inOL

s.urprisingly, is very similar to that inferrvu froii, titl,. ,r.,tur.

SLOLUICt: within the enhancements based on line c.'mi-,Ly r-.t .
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Table VII-2

K-coronameter brightIeIss readings, and correspvnding

values Of S Nedx

pB bkg 25 PB Dkg 15

1.125 1.25
ttx p pB-1 • ;' d..

pos. pli pb-25 f" Ne d 
.,

Ila 43 18 5.4 x 1018 22 1 1. . 6

44 19 5.7 x 1018 22 I . : i,

4U} 45 20 6.0 x I10 27 i-. 4.( :, Ax

18
40 21 0.3 x 27 12 0 L1

50 0 49 24 7.2 x 10 18 26 1ii J.l

5 1 2 ( 7 . 8 x l u.1 8 2 4 9 4 ,.U 1 U

•0° 5 2, .S x 10 27 12 4 1i
55 30 9.0 x 1 i8 26 1•1. i{ 1 3

119 
4, L S

7 50 b1 36 1.1 x 10 28 13 4.1

70 L8 2- 12 10
55 30 9.0 x 03

So0  47 2. b.b I 10 23

39 1" 4 .2 x 1&i 20 5 .i.

g(o" ,,3 2 .4 x l1 20 ' : •

?.0 ', .5 X 1()• 19- 4 .• " ,

17 o. x,

0 "6 10 x
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Figures VII-1 to VI±-7

IsophuLal contours of Feature 4 in severai LL'V u.rinson iiW•. 'L•
brightLsL point is indicated by the tick at the, limib. cdo. CiL,,Ur
interval represents a brightness ratio oi i/c.
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Figures VII-8 to VII-14

rho cmisivity of the gas within Feature 4 in ttie same emission
lines as in Figures VII-1 to VII-7.
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Figure VII-15. The temperature of Feature 4 as a function, of
position along the limb at several heights abowV
the vilar surface. The data are based upon Fe IX/
Fe XIV line emissivity ratios.
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Figure VII-17. The densities within Feature 4, based on the absolute
emissivities and temperatures of the lines of Fe IX
and Fe XIV.
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Figure VII-18. The same is VII-17, but with the lines of Fe XIV
and Fe XVI.
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a -

i'igurv' VI l-2(0. A radio brig tne~ss t,,pt~rktdtr .,,y *.,, , or~i~n
L• h i.s limb of th~e su~n on April 28 , * I>.t h1., ,I,., , ,lrn

tfrom Stani o= 1. cmi data . 'The poasi Aon of 1,Ldtur•=-. ,• I• L.i•I'(.! ;)'
,a ditt.d circ:lu.
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Figure VII-22. The values of the integreted electron density,

f N 2dx, and root-mean-square electron density, f (N 2 d.x, alonge e

the line of sight.

I
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Figures VII-23 to VII-26.

Representation of the slope of the magnetic field within Feature 4,
as inferred from the emissivity distributions of Mg IX, Fe IX,
Fe XIV, and Fe XVI.
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CHAPTER VIII

DISCUSSION

A. Summary of Results

In an effort to enhance the readability of this thesis, perhaps

at the expense of compromising the objectivity of the presentation,

I have both anticipated, and stated or implied various conclusions

throughout the text. Most of the remarks in this section will

therefore serve mainly to summarie the more important conclusions,

and may be found also in earlier chapters.

Perhaps the most gratifying result of this investigation is

that no glaring discrepancies between observations of the solar

corona in the EUV and by other methods were found. The association

of enhancements of the hard radiation of the sun with increasea

activity has long been known, so the association of LUV ennanct2n,&oS

with plagc regions is not at all surprising. Thie .iante .hciat.Aoi,

is predictable on theoretical grounds from the fact chat corui,.I

j forbidden-line emission shows enhancement when active regioun ,rc

on the limb.

In going beyond the obviously good iuperficiai agreetmrrt of tle

coronal enhancements with chromospheric plages, w. not. that L,•v

lines of lower excitation such as 0 V tead to show plage-ty'j

structure similar to that of Ca-K. The )xygLn iint. correpuI..



to temperatures of between 1 aud 2 x 105 .K, and therefore may be

thought of as belonging to the lower part of tite transition region

between the chromosphere and the corona. The morphology of an

active region in this temperature range is thus expected to be

strongly influenced by the chromosphere, and indeed tile chromosphuric

network appears to be still faintly visible. Ne VII repreh.snLs

an ion whote temperature (5 x 105 .K) lies pretty much in L,.e •,iddle

of .. e transition region. The highly structured piages jr, now

giving way to larger, less structured enhancements, alihougi, a .iiarp

limb ildiacates that the radiation is ,till fairly low in the -olar

.itmtophere. At temperatures of between I and 2 x 1 N •, Lhu issi

is becoming more diffuse in the active regions, and at the same Lime

lebb obvious on the solar disk as a whole. At the highest tempera-

tures (,' 2 x 106 .K), background emission becomeb totally ausvfnt

and we see essentially only the active regions of the coron;.

fnve increasing concentration of coronal material in tlik. LtiV#

ruc:ions at highLr temperatures show., 1p quantitativLJe i. '.1.

nalv��~ .as a sharp increase in the amount of emitting4 iLLjt I

w itin la L•' inancemnnt as one goes up in tempcrature, Up (.o in

,ibruAt drop at a temperature of about 5 million, ,Ut ,ý (U.•pLLvr I .

The more detailed analysis carried out in Chapter VII Ii,L.d1 '

i tendency for Ile hot material to conf nv it If to a ut.f'l- ., k'k,

fairi'y low iii tLe enhancement. Tihe exibtenct of ,UClC 10(',, IO

.i.n- tei:pcraLurv iegions in a highly conducting ,k aim a nlv ot-

txplained by the confining action of .,.gnetic f t i•-. ,,, sirij1,

tezpcra.tu•rt! rise is noticeable in the ,L atiwy •f, rv,:..,, iiv • fl, ''-.



-of emission of the ion•e ,XVI relative to Fe XIV, but is less appar-

ent when one compares the ratio of emission of Fe IX and Fe XIv.

The temperature and density structures of the eiihiancement at the

limb predict radio and K-coronameter enhancements consistent in

magnitude with those observed on the same day as the spectroheliO-

-grams were-taken (April 28, 1966).

The fact that the observational inaccuracies were just great

enough to frustrate any attempt to resolve the question of coronal

abundances is aieippointing. Fortunately, however, the major

conclusions concerning the temperature and density structure are

not sensitive to this uncertainty.

B. Future WorI.

The future course of solar EUV i.hd X-ray astronomy is likely

to be a very interesting o~ie. k6rhaps the most accurate estimate

of the nature of the future development of this field would result

from a consideration of- the questions the present data did not

auswer.

A first look at the spectroheliograms suggests a significant

difficulty in disentangling overlapping images, and in distinguishing

a continuum from the line emission from the disk. As a result, only

a few of the, strongest lines were intense enough to yield moaningful

photometric intensities.. An- increase in the dispersion relative Lo

the image size would have the effect of reducing the continaum

relative to the line intensities recorded on the film, as well as

reducing the overlapping of the images themselves. An effect thaL
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would' part'ially negate the advantage gained would be a decrease in

the resolution from the increasingly evident thermal' Doppl'er broad-

ening. The present apectroheliograms show resolution down to

about 10" of arc which equals on the film the distance corresponding.

to 0.22A. This is nearly equal to the half-width of a 700A line

Arising from an ion of mass number 16 at a temperature of 4 million'

degrees. Since these conditions outlined represent a rather extreme

set of circumstances, it ,would appear that the dispersion of the

prAsent setup could be increased 'by a factor of five or more without

a noticeabr_ increase in Doppler blurring.

All the above refinements will undoubtedly be realized in the

near future. An NRL experiment in the Apollo Telescope Mount :(ATM)

project should provide spectroheliogkams ofý better purity and

resolution. Alchough the chromospheric network is evident in the

images of He I, He II, and to a lesser extent 0 IV, no fine struc-

ture of the coronal features similar to that observed at ec.ipsc

in white light is as yet visible in 'tue EUV,

An ubiquitous problem in astrophysics is the need for more

accurate atomic transition rate coefficients of all types. In

particular our knowledge of the rate coefficients Lor excitation of

forbidden levels by electron impact can only be described ai linsatis.-

factory at present. In addition many of the hotter ions d(part

appreciably from L-S coupliag, and a- thorough recomputatior. of

f-values taking into account intermediate coupling and con iguration

interaction will be necessary: before solar extreme ultravi )let

F

I'



, spectroscopy can advance beyond a semi-quar.titative stage. Our

knowledge is slowly but steadily increasing in this area -both,-

from experimental and theoretical studies currently being undertaken

at ,the Joint Institute, for Laboratory Astrophysics (JILA) in

Boulder, Colorado.

j Finaliyi the exciting possibility exists -that future obser.--

vations ,of the high energy radiation from the corona may in turft

j contribute to ,our knowledge of the, atomic ,transition parameters

SI as our, knowledge of the Adktailed strudtureu.of -the corona- improves.

There is no a priori reason-why astronomical observations cannot

f aid in the, development of physics just as physics has aided astronomy.

SThe reason that" they 'have' not to such a large extent as might be

hoped is simply that a controlled experiment has only recently been

- possible in astronomy. Continued exploration of the corona. by

satellites and space ,probes or by a permanent observing station will

_ certainly not only increase our knowledge of the active sun, but

also use, the outer sun, as a valuabl.e laboratory to study detailed

properties of highly stripped ions.

~i
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